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Abstract 
Dissolved Si (DSi) is an important nutrient in 
aquatic systems. River discharge delivers DSi 
to the oceans. Riverine DSi fluxes are affected 
by land use changes as DSi export from 
forests are higher than from croplands. 
Hypothesis were suggested to explain the 
differences in DSi export but the causes were 
poorly analyzed.  
 
Previous studies mentioned the higher 
amount of biogenic Si (BSi) in forest soils as 
the main reason for higher DSi fluxes from 
forests, since BSi is an important source of 
DSi in soils. This hypothesis was confirmed 
with a leaching test. Our experiment proved 
BSi in soils reacted kinetically in contrast to 
other soil minerals. In intensive agriculture, no 
kinetic reaction occurred: the small amount of 
BSi (2-3 mg Si g
-1
 soil) became inert.  
 
We made a conceptual model based on a 
literature review which suggested that other 
parameters would also influence DSi export. 
The leaching test showed Si release was high 
at pH <4 and varied with water flux rates. 
Dissolution processes were enhanced in the 
acid forest soils compared to neutral cropland 
soils. An increase in water flux with a factor 
2.5 resulted in an increase in Si flux with a 
factor close to 2.5 in cropland, where 
reactions were (near) equilibrium. The impact 
of water flux variation was less important in 
the forest (factor 1.36 - 2.10). Chemical 
analysis of soil water sampled in situ proved 
that the biogeochemical Si cycle is controlled 
by different processes along a land use 
gradient. In forests, dissolved Si can complex 
with Al and clays (illite, smectite) 
dissolution/precipitation likely affects with the 
Si cycle. In arable land, hydrological 
conditions clearly control Si concentrations as 
they are inversely correlated with soil water 
content.  
 
To quantify DSi fluxes through soils, we 
simulated the kinetic reaction of BSi in soils 
and evaluate the effect of recent deforestation 
on DSi fluxes. Therefore, we set up a 
numerical model which coupled transport and 
geochemical calculations in the software HP1. 
Due to the increase in water flux after 
deforestation, the amounts of reacted BSi 
decreased but the total Si flux exported from 
the soil was higher. Our model also proved 
that clay stability was influenced by the 
chemistry of the infiltrating rain: cation-rich 
throughfall solution enhanced clay stability 
compared to rain water. 
 
We also showed that Si reprecipitation could 
affect significantly Si export from a catchment. 
In one of the studied catchments, we noticed 
a clear decrease in DSi concentrations from 
groundwater to the river. Precipitation of opal-
CT was also observed in a coring. Our 
calculations showed that currently in this 
catchment DSi flux was 25% lower than 
expected, due to the Si reprecipitation. 
 
Finally we compared DSi fluxes through the 
soil from all land uses. Deforestation could 
increase the DSi flux of 66% compared to 
forest. The development of agriculture 
decreased DSi export of 33% in the grassland 
and 44% in the cropland compared to the 
forest.  
 
Our study proved that the export of DSi is 
controlled by different processes according to 
the land use type and the regional 
geochemical conditions (precipitation of opal-
CT). In forests, DSi export from soil is the high 
as important BSi amounts are present and the 
soils are acid. After deforestation, the increase 
in water flux increases the DSi flux exported 
from the soil. When intensive agriculture 
develops, soils become neutral, BSi amounts 
diminish and become less reactive, water 
infiltration diminishes. All these processes 
together cause a decrease in DSi export along 
the land use gradient. 
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Samenvatting 
Opgelost Silicium (Si) is een belangrijk 
nutriënt in natuurlijke watersystemen. Rivieren 
voeren Si af naar de oceanen. De Si-afvoer 
door rivieren is afhankelijk van het 
landgebruik: bossen voeren meer Si af dan 
landbouwgebieden. Hypotheses over de 
oorzaken hiervoor werden opgesteld maar 
zelden geanalyseerd. 
Biogeen Si (BSi) is een belangrijke bron van 
opgelost Si in bodems. Omdat er meer BSi in 
bosbodems is dan in akkers, wordt het 
verschil in hoeveelheid BSi in de bodem als 
hoofdoorzaak gegeven voor de verschillen in 
Si-afvoer. Deze hypothese werd in deze 
studie door een uitlogingstest bevestigd. Ons 
experiment bewees dat BSi in bodems 
kinetisch oplost, in tegenstelling tot andere 
bodemmineralen. In bodems die door 
intensieve landbouw bewerkt werden, werd 
geen kinetische reactie geobserveerd: de 
kleine hoeveelheid BSi (2-3 mg Si g
-1
 bodem) 
is er inert geworden. 
Op basis van een litteratuurstudie werd een 
conceptueel model opgesteld. Dit bewees dat 
ook andere factoren de Si-afvoer beïnvloeden. 
De uitlogingstest toonde aan dat de bodem 
pH en de stroomsnelheid ook bepalend 
waren. BSi loste zich meer op in zure 
bosbodems (<4) dan in neutrale 
akkerbodems. Veranderingen van 
stroomsnelheid met een factor 2.5 genereerde 
een verandering in Si flux met een iets 
kleinere factor dan 2.5 in akkerbodems, waar 
reacties in evenwicht waren. In bosbodems 
was de variatie in Si-afvoer minder groot 
(factor 1.36-2.10) bij variatie aan 
stroomsnelheid. Bodemwater werd in situ 
bemonsterd. Chemische analyses van het 
bodemwater bewezen dat de 
biogeochemische cyclus van Si in 
verschillende types landgebruik door 
verschillende processen gecontroleerd 
worden. In bossen kan opgelost Si 
complexeren met Al. Kleiprecipitatie en/of -
oplossing (smectiet, illiet) beïnvloeden er 
hoogswaarschijnlijk ook de Si cyclus. In 
akkers zijn hydrologische condities 
belangrijker: het bodemwatergehalte en de Si-
concentraties vertonen er een inverse 
correlatie.  
Dankzij de procesmatige analyse van Si-
afvoer door bodems kon een 
kwantificatiemodel in de software HP1 
opgesteld worden. Dit numerieke model 
koppelt zowel geochemische als 
transportberekeningen. Met dit model werd de 
kinetische reactie van BSi gesimuleerd en het 
effect van recente ontbossing geëvalueerd. 
Omdat stroomsnelheid verhoogt na 
ontbossing, verlaagt de hoeveelheid BSi dat 
oplost maar verhoogt de totale Si-afvoer. Ons 
model toonde aan dat de kleistabiliteit in 
bossen door de chemische samenstelling van 
de regen beïnvloed wordt. Langs het 
afvoerpad zou Si kunnen neerslaan. In één 
van de bestudeerde bekkens slaat Si neer als 
opal-CT, waardoor de Si-afvoer met 25% 
vermindert. 
Tenslotte werden de Si-fluxen doorheen de 
bodems met verschillend landgebruik 
vergeleken. Ontbossing verhoogde de Si-
afvoer met 66%. De ontwikkeling van 
landbouw verminderde de Si-afvoer met 33% 
in het weiland en met 44% in de akker ten 
opzichte van de afvoer in het bos. 
Onze studie bewijst dat de Si-afvoer 
gecontroleerd wordt door meerdere factoren 
die afhankelijk zijn van het landgebruik, 
regionale geochemische parameters 
(neerslag van opal-CT) en hydrologische 
condities. Si-afvoer uit bodems is het hoogst 
uit bossen door de hoge fractie BSi in de 
bodem en de zuurtegraad. Na ontwikkeling 
van intensieve landbouw worden bodems 
neutraal, veranderen de fluxen water die 
erdoor stromen, vermindert de BSi-fractie en 
wordt deze minder reactief.  
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1 Problem statement and research questions 
1.1 BACKGROUND 
Biogeochemical cycling of certain major 
elements, such as carbon, silicon, or calcium, 
by terrestrial plants determines soil forming 
and weathering processes (Street-perrott and 
Barker 2008). This study focuses on the cycle 
of the second most abundant element in the 
earth crust, silicon (Si). The Si cycle interacts 
with the carbon (C) cycle on different time 
scales. Weathering processes regulates 
atmospheric CO2 over geological timescales 
(Berner 1992; Chadwick et al. 1994). The 
dissolved Si (DSi) released during weathering 
processes can be transported through 
landscapes towards the oceans (Figure 1.1) 
where DSi is an important nutrient for CO2-
consuming phytoplankton, e.g. diatoms 
(Ittekot et al. 2000; Tréguer and Pondaven 
2000). Rivers provide yearly 7.3 Tmol Si to 
estuaries from which ca 85% consists of DSi 
(6.2 Tmol DSi yr
-1
, Tréguer and De La Rocha, 
2013). Eighty percent eventually reaches the 
ocean after passage through the coastal and 
estuarine filter, which corresponds to over 
60% of the total Si input into the oceans 
(Tréguer and De La Rocha 2013). Classically, 
Si in natural water is considered to originate 
only from the slow weathering processes 
inducing constant Si releases by disintegration 
and dissolution of primary stable silicate 
minerals (Figure 1.2.) over time (Garrels and 
Mackenzie 1967). This hypothesis induces 
that variations in riverine DSi delivery would 
only take place on long time scales (>10
5
 yrs) 
(Van Cappellen 2003). However, seasonal 
variations of DSi are observed in riverine 
systems (Fulweiler and Nixon 2005; Muylaert 
et al. 2009; Clymans et al. 2013) proving Si 
weathering and Si riverine delivery are not 
directly interacting. Due to poor knowledge on 
the seasonal variation in rivers and upscaling 
errors from local discharge to global 
discharge, uncertainties of 30% still remains 
on the most recent estimates of riverine 
delivery to oceans (Tréguer and De La Rocha 
2013). 
 
FIGURE 1.1: GLOBAL DSI (H4SIO4) TRANSPORT THROUGH LANDSCAPES (BLACK ARROWS) AND COUPLING BETWEEN THE SI AND C 
CYCLES. ON THE CONTINENT, THE MINERAL WEATHERING REACTION CONSUMES CO2 AND DELIVERS DSI TO THE RIVERS AND 
GROUNDWATER. THE SI CYCLE (FOREST, GRASSLAND) AND THE CLEAR ANTHROPOGENIC EXPORT (CROPLAND) OF BSI RETARDS THE 
DSI EXPORT TOWARDS THE OCEAN (RED ARROWS). IN THE OCEAN, SI AND CO2 ARE TAKEN UP BY DIATOMS. 
The Si and C cycles are also coupled in soil 
environments as silicates can form stable 
organo-mineral complexes promoting soil 
organic carbon sequestration (Torn et al., 
1997). In soil solution, DSi concentration 
varies seasonally (Gérard et al. 2002). On the 
seasonal time scale, DSi in natural water can 
be affected by vegetation uptake (Fulweiler 
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and Nixon 2005) which delays the DSi release 
towards the hydrographic system. Si taken up 
by vegetation precipitates as bio-minerals 
(phytoliths). The Si content of plants is 
dependent on the plant type (Epstein 1999). 
Plants are classified as high- (e.g. rice, 
wheat), intermediate (e.g. oat, cucumber) or 
non-accumulators (e.g. tomato, bean) based 
on their active, passive or rejective Si uptake 
respectively. An active uptake is characterized 
by higher uptake of DSi than expected by the 
water mass flow. In the case of passive 
uptake, the Si taken up by the plants is 
proportional to the water uptake: the amount 
of Si taken up is than dependent on the 
transpiration rate of the plant. Plants with a 
rejective uptake don‘t take Si up (Liang et al. 
2007). Once the vegetation degrades, the 
biogenic Si (BSi, Figure 1.2) is released in the 
soil where it constitutes considerable pools of 
more easily soluble Si than typical soil clay or 
parent-rock primary minerals (Fraysse et al. 
2009). The vegetation cycle not only influence 
DSi uptake on the seasonal time scale but can 
also influence the composition of a Si fraction 
around the roots: clay minerals (Figure 1.2) 
(Turpault et al. 2008).  
The Si fractions (Figure 1.2) are present in 
different phases in the soil. Solid crystalline 
fractions, primary minerals, e.g. quartz and 
feldspars, are formed during magmatic or 
metamorphic crystallization. When primary 
minerals are subject to weathering processes, 
incongruent dissolution of the primary 
minerals take place to form secondary 
minerals, typically clays. These minerals are 
stable to weathering processes (right side of 
Figure 1.2). The chemical alteration, 
dissolution and reprecipitation of minerals 
might form minerals with a lower degree of 
crystallinity and lower relative stability (arrow 
on Figure 1.2). Formation of the secondary 
minerals is dependent on the geochemical 
conditions (pH, chemical composition of soil 
water), climate, parent material and soil age. 
For instance, hydroxyl-aluminosilicates can 
form in soil with pH >5, are precursors for 
imogolite and allophane minerals and are 
typically observed in soils developed on 
volcanic ash (Wada 1989). In humic rich 
environments, this formation process is 
impeded as Al preferentially binds with 
organic acids than with Si. In that case, opal 
formation is favored (Huang 1991). This 
example shows that the formation of soil 
minerals depends on a whole range of 
processes and site-specific conditions. 
Resulting minerals have different degrees of 
crystallinity, inducing large ranges of stability 
(arrow on Figure 1.2). 
The Si-rich soil constituents with the lowest 
relative stability can be extracted in alkaline 
conditions (AlkExSi). This pool groups two 
types of AlkExSi, from biogenic (BSi) or 
pedogenic (PSi) origin. While BSi (phytoliths 
and micro-organims) is present in wide range 
of environmental conditions, PSi forms under 
specific geochemical conditions. 
Supersaturated DSi concentrations can 
enhance the formation of opal coatings on 
mineral surfaces (Drees et al. 1989) while Si 
sorption on Al- and Fe-oxides, another form of 
PSi, is a pH-dependent process (Dietzel 
2000).  
During the extraction of AlkExSi, DSi 
concentrations in the leaching solution 
increase rapidly in the beginning and later 
linearly. In classical sequential alkaline 
extraction methods, like de DeMaster analysis 
(DeMaster 1981), the amount of BSi is 
quantified based on the assumption that 
diatoms dissolves quickly (within 2 h or less) 
and that Si from minerals or PSi dissolves at a 
constant and slower rate. The DSi 
concentration in the sequential extraction 
method (0.1M Na2CO3 at 80-85°C, (DeMaster 
1981) is measured after 1, 2, 3 and 5 h. As 
only a few samples are used to separate the 
BSi from PSi in the sequential method, 
uncertainty on the quantification was 
considerable. To diminish uncertainty on the 
PSi pool quantification, a continuous 
monitoring of the increase of the dissolved 
silica concentration in a 1 M NaOH leaching 
solution was elaborated (1-second interval). 
The larger number of data points (hundreds) 
enables the application of mathematical 
models to analyse the dissolution curves more 
accurately. As PSi can be Al-rich, Al 
concentrations are measured simultaneously 
and Si/Al ratios calculated to quantify the 
contribution from the PSi fraction (Koning et 
al. 2002). For soil samples, extracted Si/Al 
ratios between 1 and 4 are considered to be 
of clay mineral origin (Koning et al. 2002; 
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Barao et al. 2014). BSi, opal, adsorbed Si 
have Si/Al ratios higher than 5. For those 
fractions, it is important to compare the 
alkaline extraction with other extraction 
techniques (Barao et al. 2014). For instance, 
oxalate extraction can help to identify the 
adsorbed Si pools (Saccone et al. 2007). The 
mathematical models of the extraction curves 
give also reactivities for each AlkExSi fraction: 
in the case of Swedish cambisols, the 
reactivities of BSi (Si/Al >5) was lower 
compared to adsorbed Si fraction (Si/Al >5) 
(Barao et al. 2014).  
 
 
FIGURE 1.2: SI FRACTIONS PRESENT IN SOILS. THE ARROW SHOWS INCREASING STABILITY OF SOLID COMPOUNDS AGAINST 
WEATHERING, I.E. ORGANIZED BY STABILITY (AFTER SAUER ET AL. 2006; CORNELIS ET AL. 2011). 
In soil water, dissolved silicon (DSi) is 
generally mainly present as silicic acid 
(H4SiO4) but DSi can also form complexes 
with aluminium (Al), polymerise (Figure 1.2) or 
adsorb on Al- and/or Fe-oxides. Kittrick (1969) 
already suggested that the controlling factors 
on DSi concentrations were (1) the rate of 
dissolution of unstable mineral silicates, (2) 
the rate of Si precipitation, (3) the rate of plant 
uptake and (4) the rate of movement of soil 
solution which depends on the rainfall and 
drainage conditions. Indeed fluid residence 
time and fluid flow rates can also control DSi 
release as the removal of weathering products 
by water transport can drive soil solution out 
of thermodynamic equilibrium (Maher, 2010).  
Growing knowledge proves that quantification 
models of chemical weathering should be 
integrated in the Si vegetation cycle. 
Especially since chemical weathering in soils 
is one of the key processes to assess 
sustainability of forestry and agriculture 
(Sverdrup 2009). Since vegetation enhances 
mineral weathering, takes up Si but also 
delivers BSi to the soil, land use influences Si 
export towards the hydrographic system (red 
arrows in Figure 1.1). According to conceptual 
models based on riverine DSi concentrations, 
forests export the highest DSi concentrations, 
in contrast to croplands (Struyf et al. 2010; 
Carey and Fulweiler 2013). This is due to 
lowered BSi pool present in cropland soils 
(Clymans et al. 2011), a direct consequence 
of harvesting (Vandevenne et al. 2012; Keller 
et al. 2012) and erosion (Smis et al. 2010). 
Currently 35% of the terrestrial BSi is fixed by 
crops. Forecasts for 2050 suggests that the 
conversion of tropical forests to agricultural 
land would result in an increase of 9% of BSi 
fixed by terrestrial plants (Carey and Fulweiler 
2012). The lowered DSi export combined with 
increased N and P fluxes from agricultural 
activities will lead to higher eutrophication 
risks in water systems, which will limit diatom 
growth, and hence CO2 sequestration (Conley 
et al. 1993; Rockström et al. 2009).  
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The application of manure might return readily 
available Si for plant uptake to the soil 
(Vandevenne et al. 2013). The addition of 
wollastonite (CaSiO3), residues of blast 
furnaces or straw. as fertilizers is commonly 
used for rice, wheat, sugarcane production on 
Si poor soils in many parts of the world such 
as Japan, Korea, Taiwan, Thailand and the 
USA (Savant et al. 1999; Guntzer et al. 2011). 
However mass balances of the Si cycle in 
croplands where Si fertilizers/manure is used 
on the long term lack in the literature. 
1.2 RESEARCH QUESTIONS 
Current studies correlated DSi export with 
land use by analysing riverine DSi 
concentrations and the AlkExSi pools. The 
higher riverine DSi concentrations in forested 
watersheds were accorded to the higher 
amounts of BSi in forest soils compared to 
agricultural soils. To verify this hypothesis a 
research question arises: is the difference in 
BSi pools along the land use gradient 
reflected in soil water chemistry? A gap in 
current understanding is the impact of land 
use change on DSi transport from soil towards 
riverine systems. Historical changes in land 
use changed soil hydraulic properties 
(Bormann and Klaassen 2008), chemical 
characteristics (Albertsen 1977), weathering 
rates (Lucas 2001) and clay mineralogy 
(Velde and Barré 2009) of soils on time scales 
ranging from a few months to hundreds of 
years (Cornu et al. 2012). Consequently not 
only AlkExSi pools changed in soils after 
anthropogenic perturbations but also 
nutrients, e.g. Si and K, are redistributed in 
the soil profile. Is BSi in soils the only 
explanatory factor for the differences in Si 
export from one land use to another? To 
answer these research questions, this study 
presents (1) which processes influence Si 
dissolution, precipitation and transport as well 
as (2) the impact of land use change on these 
processes.  
Studies proving land use has an impact on Si 
export or on Si mineralogy, focus on river DSi 
or on soil mineralogy. Soil pore water is rarely 
analysed and linked to the Si export studies. 
As different components are involved during 
Si export, it is important to assess which 
processes influence Si release in soils 
(Q1). The main research question addressed 
in Chapter 2 is therefore ―Is it possible to set 
up a conceptual model taking into account all 
processes influencing Si export from soils 
towards rivers?”.  
Several studies (Alexandre et al. 1997; 
Farmer et al. 2005; Gérard et al. 2008) state 
that BSi is the most important DSi source in 
soils. The amounts of BSi stored in soils vary 
with different land uses and throughout the 
profile, moreover this applies not only to BSi 
pools. Physical and chemical weathering 
processes enhanced by vegetation are more 
important in topsoils than deeper in the soil 
profile but also more important in forests 
compared to croplands. In other words, to 
assess how Si export can be different from 
one land use to another it is important to 
understand if dissolution processes are 
comparable over the whole soil profile, in 
different horizons (Q2) and from one land 
use to another (Q3). Therefore Chapters 2, 3 
and 4, address the research questions ―Is BSi 
the only explanation for higher Si export from 
forests compared to other land uses? Are the 
processes controlling Si export similar in all 
types of land uses?”  
Quantifications of terrestrial Si influx towards 
the ocean are still improving (Tréguer and De 
La Rocha 2013) but lack essential elements of 
the terrestrial Si cycle. More research on how 
much Si is exported from a soil (Q4) is 
needed. Si fluxes from soils are calculated in 
Chapter 4 for different land uses. In Chapter 5 
the impact of deforestation on the Si flux is 
evaluated. Along the flowpath dissolved Si 
can also reprecipitate. Chapter 4 shows Si 
reprecipitation processes can be influenced by 
the land use type. The impact of a Si sink on 
the export of Si towards the river is evaluated 
in Chapter 6. 
1.3 THESIS OUTLINE 
The study is mainly carried out in the Belgian 
Loam Belt (near the cities of Leuven and 
Liège – Figure 1.3). Historically, landscapes 
were dominated by forests but currently 
intensive agriculture also takes place in this 
area. The DSi export from Belgian soils are 
also compared with the export from Southern 
Swedish soils (Råshult and Siggaboda- Figure 
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1.3). This allowed to verify if our observations 
were confirmed in other settings than the 
Belgian Loam Belt.  
 
FIGURE 1.3: MAP OF THE STUDY AREAS: THE BELGIAN LOAM 
BELT AREA, NEAR THE CITIES OF LIÈGE AND LEUVEN, AND THE 
SOUTHERN SWEDISH LOCATIONS, RÅSHULT AND SIGGABODA 
(AFTER CLYMANS 2012). 
The AlkExSi pool of the studied soils were 
quantified with continuous alkaline extraction 
method (Koning et al. 2002) by the ECOBE 
lab at the University Antwerp was used. 
Results on the Swedish soils were published 
(Barao et al. 2014). 
First, a conceptual approach based on 
literature study is set up to address Q1 
(Chapter 2). There we suggested which 
processes can differ in the different land uses. 
To evaluate if our hypothesis on controlling 
processes was correct, we worked on different 
scales. First we worked on the horizon scale 
(thin arrows in Figure 1.4. - Chapter 3), on the 
Belgian and Swedish soils. This way we 
verified if the impact of land use was 
comparable in different settings. Next we 
focused on Belgian soils at the field scale 
(thick arrows in Figure 1.4 - Chapter 4). 
Understanding what happened in the horizons 
containing BSi separated from the horizons 
without BSi (Chapter 3) allowed to have a 
better understanding of field data that was 
influenced by different horizons (Chapter 4).  
To quantify at the field scale how much Si was 
exported from soils, we first estimated 
weathering rates for the different soils based 
on regional recharge estimations (Chapter 4). 
Then a numerical modeling coupling 
hydrological flux with chemical calculations 
was set up for the forest soil. It allowed to 
simulate BSi dissolution in a soil environment 
but also to assess how DSi flux was affected 
by deforestation (Chapter 5). Finally, we set 
up a chemical model to calculate how Si 
fluxes can be affected by Si reprecipitation 
(Chapter 6). 
 
 
FIGURE 1.4: RESEARCH OUTLINE OF THE THESIS WHICH AIMS TO QUANTIFY DSI FLUXES THROUGH A- AND B-HORIZONS (THIN 
ARROWS) AND THROUGH SOIL PROFILES (THICK ARROWS) ALONG A LAND USE GRADIENT (FROM LEFT TO RIGHT). THE CHAPTER 
NUMBERS DEALING WITH A SPECIFIC FLUX ARE INDICATED IN THE SCHEME (CH.). 
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2 Transport of dissolved Si from soil to river: a conceptual 
mechanistic model 
 
Based on: Ronchi B., Clymans W., Barão L., Vandevenne F., Struyf E., Batelaan O., Dassargues A., Govers G. 
(2013) Transport of dissolved Si from soil to river: a conceptual mechanistic model, Silicon, 5:115-133 
2.1 INTRODUCTION 
Land-river Si fluxes depend on the relative 
contribution of different Si sources and on the 
type of processes (e.g. biological, physico-
chemical, pedological) occurring along the 
pathway (Sommer et al. 2006; Cornelis et al. 
2011). The particulate Si fraction in soils and 
bedrock consists of a range of components 
with varying cristallinity from well-crystallized 
silicate minerals (e.g. quartz, K-feldspar) to 
amorphous Si (Sauer et al. 2006; Cornelis et 
al. 2011). The less-crystalline to amorphous 
phases described in this study are extracted in 
alkaline solutions and therefore named 
alkaline extractable Si (AlkExSi) (Barao et al. 
2014). AlkExSi can be subdivided in biogenic 
silica (BSi, mainly plant Si bodies called 
phytoliths) and less-crystalline to amorphous 
inorganic Si fractions (PSi, i.e. formed by 
pedogenic processes). Soils contain 
considerable amounts of biogenic Si (8250 
Tmol Si) (Laruelle et al. 2009). AlkExSi is an 
important factor in Si release from soils for two 
reasons. Firstly, it is up to 17 times more 
soluble than quartz under laboratory 
conditions (Fraysse et al. 2006) and its 
dissolution may therefore constitute the most 
important source of dissolved Si (DSi) 
delivered to rivers by groundwater and/or 
surface and subsurface runoff (Gérard et al. 
2002). Secondly, AlkExSi may be directly 
delivered to aquatic systems by physical 
erosion during run-off events (Smis et al. 
2010; Clymans et al. 2011). 
DSi concentrations in soil water will have an 
important effect on the concentrations in and 
delivery to rivers. This is shown in runoff 
events, where river water often consists for a 
large part of water that is pushed out of the 
soil by the new precipitation event (McDonnell 
1990; Kurtz et al. 2011). Moreover, during 
baseflow river water consists mainly of 
groundwater that has previously percolated 
through soils. Understanding the mechanisms 
controlling DSi dynamics within soils is 
therefore key to understanding spatial and 
temporal variations of DSi in river water. 
 
A wide range of processes other than mineral 
or AlkExSi dissolution control soil pore water 
DSi concentrations: adsorption on Fe-and Al-
oxides, polymerization, formation of 
nanocolloids, precipitation of secondary 
minerals and uptake by vegetation (Jackson 
et al. 1948; McKeague and Cline 1963; 
Doucet et al. 2001b; Van Cappellen 2003; 
Conrad et al. 2007; Cornelis et al. 2011). At 
the landscape scale, geomorphological and 
hydrogeological features contribute to AlkExSi 
and DSi reservoirs and hence to Si delivery. 
Land use can thus also strongly affect DSi 
delivery, as land use changes will not only 
affect vegetation but also soil hydrology 
(Bormann and Klaassen 2008) and soil 
chemistry (Albertsen 1977; Berner 1992; 
Drever 1994). Different processes have up to 
today been described separately by physically 
based equations but models integrating the 
various processes do not yet exist.  
Si pools and fluxes in landscapes have 
previously been discussed in a review of 
Sommer et al. (2006). Street-perrott and 
Barker (2008) emphasized the importance of 
coupling the Si and C cycles, while Cornelis et 
al. (2011) focused their review on the impact 
of the soil-plant system on DSi in weathering-
limited and weathering-unlimited 
environments. While these reviews provide a 
good overview of the state of the art of our 
knowledge with respect to Si cycling, they do 
not discuss how this knowledge can be 
integrated in a mechanistic modeling 
framework that can be used to quantitatively 
predict (changes in) DSi concentrations and 
fluxes in soils as well as DSi delivery from 
soils to rivers. Other catchment studies 
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developed empirical equations to calculate the 
DSi concentrations in groundwater and soil 
pore water based on measurements (Scanlon 
et al. 2001; Gérard et al. 2002). However, 
these constitute site specific and non-
transferable equations. 
In contrast to earlier work, we here establish a 
framework of mechanistic equations that can 
be used to model DSi transport. An overview 
is given of all processes and equations 
describing AlkExSi and mineral dissolution, 
DSi adsorption and uptake of DSi by plants. 
We also discuss further steps that are needed 
to develop a fully operational model of DSi 
production and delivery under different land 
uses. Finally, we discuss the relative 
importance of the different processes 
influencing DSi concentration and transport in 
each soil horizon of a typical podzol profile. 
The podzol profile is taken as an example to 
illustrate different processes. This blueprint of 
an integrated model is transferrable to 
different types of soils.  
 
2.2 SOURCES AND SINKS OF SI IN SOILS 
2.2.1 TYPOLOGY OF SI-PARTICLES  
Silica is the second most abundant element in 
the earth crust and is present in different 
forms. In soils, mineral Si is dominant but BSi 
is also present in significant amounts (Street-
perrott and Barker 2008). A classification of 
different types of Si-particles is presented in 
Figure 2.1. The crystallinity of the different 
types of Si-particules varies over large ranges 
inducing large ranges of relative stability 
against weathering (arrow in Figure 2.1).  
Alteration of primary silicate minerals, formed 
by magmatic and metamorphic crystallization 
(quartz, feldspars,…), can form secondary 
minerals. During soil formation, secondary 
phases are typically concentrated in the clay 
fraction of soils. They can be well crystallized 
like phyllosilicates (Iler 1979), micro-crystalline 
(authigenic quartz, opal-CT, chalcedony) or 
short-range ordered (imogolite, proto-
imogolite, allophane) (Drees et al. 1989). 
Forms with a lower degree of crystallinity are 
classified under the AlkExSi forms. The non-
biogenic AlkExSi are non-crystalline inorganic 
particles of opal-A, volcanic glasses, opal 
coatings covering secondary minerals 
(McKeague and Cline 1963; Chadwick et al. 
1987a). Some of the particles dissolving in the 
alkaline extraction methods are of biogenic 
origin. In this biogenic Si pool, the phytogenic 
Si (including phytoliths) is the most important 
component in soils. Phytoliths are formed by 
plants taking up DSi from the soil solution, 
which then precipitates opal A in plant roots, 
stems and leaves/needles. When dead plant 
material is decomposed, the phytoliths are 
deposited in the topsoil. Phytoliths are not the 
only important form of biogenic Si in soils, also 
sponge spicules, diatoms and testate 
amoebae are important components of 
biogenic Si (Sommer et al. 2006; Sauer et al. 
2006), especially in wetlands (Struyf and 
Conley 2009) and forests (Aoki et al. 2007). 
An extensive review of all different types of Si 
is given in Cornelis et al. (2011) and Sommer 
et al. (2006).  
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FIGURE 2.1: CLASSIFICATION OF SI COMPOUNDS PRESENT IN SOILS. ARROWS SHOW INCREASING STABILITY OF SOLID COMPOUNDS 
AGAINST WEATHERING (SAUER ET AL. 2006; CORNELIS ET AL. 2011). 
2.2.2 SI DISSOLUTION AND WEATHERING 
  
Si concentration in natural waters is often 
considered to be mainly controlled by mineral 
silicate hydrolysis (Eq. 2.1), i.e. 45% of the 
total dissolved load (for all elements) in rivers 
is attributed to mineral silicate weathering 
(Stumm and Wollast 1990). The dissolution of 
silicates and less crystalline Si forms 
monosilicic acid (H4SiO4; DSi)   
 
                            
  Eq. 2.1 
 
Dissolution can also lead to the formation of 
polysilicic acid, but its stability is relatively low 
(Dietzel 2000).  
In contrast to quartz, which is highly ordered, 
opal is a short-range order crystal composed 
of loosely packed silica tetrahedrals. 
Consequently, the solubility of amorphous Si 
is higher (1.8-2.1mM Si for synthetic 
amorphous Si and 0.02-0.36 for BSi) than that 
of quartz (0.03-0.25mM Si). Since surface 
coatings often cover quartz grains in soils, low 
mineral solubility values generally apply to 
soils (Sommer et al. 2006).   
The mass-balance for a specific element in an 
aqueous solution resulting from dissolution of 
mineral phases can be calculated for i 
reactants and p product phases as 
       
                
 
               
    Eq.2.2 
Where MTC is the mass-transfer coefficient 
for any phase (p) in moles, α the 
stoichiometric coefficient of element i in phase 
p and m the total moles of element i in the 
initial and final solutions (Bowser and Jones 
2002; Appelo and Postma 2005).  
Si solubility is relatively constant between pH 
2 and 8.5 but increases drastically when 
pH > 9 or pH < 2 (Dove 1995; Bowser and 
Jones 2002). Alkaline conditions increase 
dissolution of AlkExSi, imogolite and 
allophane while acidic conditions increase the 
desorption of adsorbed Si (Sauer et al. 2006). 
Gérard et al. (2002) take account of pH, 
reactive surface and the temperature 
dependency of the Arrhenius equation (Eq. 
2.4) when calculating the Si dissolution rate 
constant for silicate minerals as   
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                Eq. 2.3 
with          
 
 
    Eq. 2.4 
in which rd is the dissolution rate (mol kg
-1 
s
-1
), 
kd is the dissolution rate constant (mol m
-2
 s
-1
), 
S is the reactive surface of the mineral (m
2 
(kg 
H2O)
-1
), {H+} is the activity of protons in the 
reacting solution, n is an experimental 
exponent, Q is the ionic activity product and K 
the equilibrium constant of the reaction. The 
temperature dependence of kd is described by 
        
           Eq. 2.5 
Here   
  is kd at a given reference temperature, 
Ea is the apparent activation energy of the 
dissolution reaction (kJ mol
-1
), R is the gas 
constant (8.32x10
-3
 kJ mol
-1
 K
-1
) and T is the 
temperature (K).  
The equations above describe the mineral 
dissolution in deionized water. However, the 
presence of electrolytes can increase 
dissolution rates. Water dipoles can more 
easily attack mineral surfaces on which 
cations are adsorbed (Dove and Crerar 1990). 
To correct for this, the Langmuir adsorption 
model can be integrated (Graf and Therrien 
2007) in Eq. 2.3 
  
       
          
    
        
          
  
                          
  Eq.2.6 
with    
   
   
     
           
    
         
         
 
    Eq.2.7 
Where    is the fraction of sites occupied by 
cation A,    the molal concentration of the 
cation and    
  the equilibrium adsorption 
coefficient of the cation. The last term of 
Eq.2.6 allows accounting for adsorbed H
+
 
protons, which were not replaced by cations 
as their adsorption is a competitive process 
(Dove 1999). 
In natural waters, not only electrolytes are 
present but also CO2 is dissolved in the water 
and influences Si weathering processes. 
                     
                      
 
       
Consequently, water acidification by CO2 
production (    
 ) as well as the presence of 
organic acids (     ) need to be accounted for 
(Sverdrup and Warfvinge 1988; Sverdrup 
1990).  
      
     
            
 
    
       
          
  
         
       Eq.2.8 
Where rj is the dissolution rate of mineral j, ki 
is the rate coefficient, BC the base cations 
(Ca
2+
, Mg
2+
, Na
+
 and K
+
), and n, x , y, u and m 
apparent reaction orders to be determined 
experimentally. Each term in Eq 2.8 
expresses a separate process enhancing 
dissolution with a separate empirical rate 
coefficient. Similar as in Eq.2.3, the first term 
of the Eq.2.8 accounts for the effect of pH and 
solution composition, while additionally the 
effect of Al
3+
 is introduced. This term stands 
for formation and decomposition of activated 
surface complexes. The concentrations of 
base cations and Al are pH-dependent, in acid 
water the base cations on the exchange 
complex are replaced by H3O
+
 (Aagaard and 
Helgeson 1982; Helgeson et al. 1984) and 
Al(OH)3 dissolution is enhanced. After the 
replacement of exchange complexes by H3O
+
, 
an alkali-depleted layer enriched in Si and/or 
Al forms around the mineral. This residual 
layer will dissolve slowly. Al therefore has a 
complex role in the dissolution of minerals as 
its concentration is not only pH-dependent 
(like showed in the first term) but also 
interacts in the residual layer (Chou and 
Wollast 1985), the third term of Eq.2.8 
accounts for this interaction. The last two 
terms calculate the rate contribution of 
acidification factors (Appelo and Postma 
2005).The presence of CO2 accelerates the 
dissolution by providing protons (Holland et al. 
1986). Berg and Banwart (2000) suggest that 
at neutral to near basic pH, weathering is 
enhanced by the reactive carbonate 
complexes adsorbed on mineral surfaces. The 
presence of organic acids can also 
significantly increase dissolution rates by 
lowering the pH but this process seems only 
to be significant below pH 5 (Pokrovski and 
Schott 1998). Organic acid influence on 
silicate weathering is indirect, secondary iron 
and aluminium hydroxides dissolve first. In 
aluminosilicates the Al-O bounds will break 
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more easily than the stronger Si-O bounds 
(Devidal 1994; Gautier et al. 1994; Murphy et 
al. 1996; Devidal et al. 1997; Oelkers and 
Schott 1999; Opfergelt et al. 2010). The 
resulting higher permeability induces an 
accelerated transport through the soil thereby 
increasing also weathering.  
In the equations above, water availability is 
assumed non-limiting. However, dissolution 
and hydrolysis require contact between water 
and minerals. It can thus be assumed that the 
total weathered amount (Rw) within a soil 
profile is proportional to the soil water content 
(θ) as well as the time (t) of the weathering 
processes (Appelo and Postma 2005). As the 
soil composition and water content vary from 
one horizon to another, the total weathering 
rate has to be calculated for each horizon and 
finally summed for the whole soil column. 
       
        
         
        
        Eq.2.9 
Weathering processes of silicates are 
generally accelerated in the vadose zone, 
especially in the root zone where biological 
activity is important (Andrews and Schlesinger 
2001; Taylor et al. 2009). This is mainly 
related higher productions of CO2 and organic 
acids (Eq.2.8) by roots in the unsaturated 
zone, which effect is summed up for each 
mineral (Eq.2.9). Silicate weathering also 
increases with increasing concentrations of 
H2CO3 and H2SO4 (Lerman et al. 2007; 
Klaminder et al. 2011). These acids are 
produced in the saturated zone by 
mineralization processes of organic 
compounds and sulfide oxidation respectively 
(Klaminder et al. 2011). The effect of H2CO3 is 
the same process as observed by Berg and 
Banwart (2000) and is accounted for in Eq.2.8 
by the third term. However, the effect of 
H2SO4 on Si weathering has hitherto never 
been formulated in a similar equation. 
The combination of existing knowledge, as 
presented above, allows us to propose a new 
set of equations to summarize all dissolution 
processes that can influence the amount of Si 
dissolved in soil.   
 
             
        
   
      
         
    
  
        Eq.2.10 
 
              
         
             Eq.2.11 
 
      
                       
    
       
 
         
           
              
        
           Eq.2.12 
 
With   
           
     
            
           Eq.2.13 
 
Where A = Na
+
, Ca
2+
, Mg
2+
, K
+
 and Al
3+
.  
Knowing the fraction of each soil component 
in the soil (α in %), a weighted rate        can 
be calculated for each soil horizon j. As   
  is 
different for each source type,    has to be 
calculated for each Si soil component i (   ), in 
other words for each mineral. The          is 
then the rate for the whole soil profile. 
Equation 2.12 results from the combination of 
the kinetic equation 2.3 with the empirical 
relation equation 2.8. It summarizes all 
parameters affecting Si dissolution but needs 
to be tested for validation.  
Current approaches modeling DSi dynamics 
generally ignore the AlkExSi pools as potential 
DSi sources and/or DSi sinks. This strongly 
contrasts with available field evidence, 
AlkExSi was found to be the principal DSi 
source in leaching water and stream water in 
different areas (Giesler et al. 2000; Farmer et 
al. 2005). While there is ample evidence 
showing that the plant reservoir is important, 
very little quantitative information is at present 
available with respect to the relative 
contribution of biogenic and mineral Si to DSi 
in soil water for natural and cultural 
ecosystems. The few studies that have been 
realized on the reactivity of AlkExSi show 
complex dissolution rates. Saccone et al. 
(2006) tested different Si extraction 
techniques and concluded that phytoliths 
dissolve more easily in alkaline solutions while 
adsorbed and mineral Si were extractable with 
acid solutions. The substitution of Si by Al at 
the surface of BSi particles lowers it reactivity 
(Van Cappellen et al. 2002). Loucaides et al. 
(2010) showed a positive correlation between 
dissolution rates and deprotonated silanol 
(SiO
-
) groups, which are present at the outer 
surface of phytoliths at pH higher than 2.5 - 3. 
Given the importance of these processes and 
the variable composition of the biogenic 
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AlkExSi soil pool (phytoliths of different plant 
species, testae, spicules,…), it can be 
assumed that there is a large range of 
biogenic AlkExSi reactivities (Struyf and 
Conley 2012). We assume we can use 
Eq.2.12 for biogenic AlkExSi when using an 
appropriate kd-value. Although, future 
research should investigate if AlkExSi 
dissolution is influenced by the adsorption of 
base cations and Al
3+
 (Eq.2.13) and by similar 
state variables as those included in the last 
factor of Eq.2.12 (Al
3+
, pCO2, [org], SO4
-
). This 
should confirm whether Eq.2.10 can be 
extended to include AlkExSi dissolution and 
reprecipitation as pedogenic AlkExSi, which 
can then again be subjected to dissolution.  
 
2.2.3 SINKS OF DSI  
Si is not only released in water of natural 
systems but it can also: (1) be adsorbed to 
soil components; (2) form nanocolloids by 
polymerization; (3) take part in neoformation 
and precipitation as secondary minerals; and 
(4) actively be precipitated in vegetation as 
phytoliths.  
(1) Monosilicic acid (H4SiO4) sorbs on solid 
phases, mainly on Fe- and Al-oxides and 
hydroxides. The amount of adsorbed Si 
increases when pH increases from 4 to 9 
(Beckwith and Reeve 1963; McKeague and 
Cline 1963; Dietzel 2000) and can be 
quantified with a charge distribution model 
(Hiemstra et al. 2007). Thermodynamically the 
adsorption can be calculated as:  
 
 
            
   
 
   
  
   
    
    
  
          
           Eq.2.14 
in which  
            
   
 
   
is the ratio between the 
change of the total concentration of DSi (CSi-
tot) and the change of pH at a constant silicate 
loading,    ; 
   
    
 is the ratio of change of the 
proton adsorption over the change of the 
silicate adsorption; nH is the proton balance in 
the solution and    is the proton co-
adsorption ratio. Eq.2.14 implies that the 
concentration change is equal to the change 
in H+ adsorption (   ) as result of the 
adsorption of Si at the surface (   ) at a given 
constant pH after correction for the mean 
relative number (nH) of protons present on the 
species in solution at that pH. The nH and    
are calculated for the chosen reference 
species of DSi, H4SiO4
0
. This is the most 
common species at pH below 9, which means 
nH = 0 when the pH < 9. If H3SiO4
−1
 is the only 
Si species present in significant concentration 
at pH>9 values, nH will be equal to −1 (Rietra 
et al. 2000; Hiemstra et al. 2007). 
(2) It is generally admitted that polysilicic acid 
decomposes easily in monomers but 
depending on the environmental conditions, 
depolymerisation of polysilicic acid takes 
place in a few hours, days or months (Dietzel 
2000). Monosilicic acid (H4SiO4(mono)) forms 
critical nuclei that rapidly develop into 
nanocolloids (H4SiO4(nano)) by oligomerization. 
In natural environments, up to 65% of total 
aqueous silica can be composed of 
nanocolloidal silica (Conrad et al. 2007). If the 
nanocolloids aggregate, SiO2 precipitates 
(Icopini et al. 2005; Izumi et al. 2005) and 
forms AlkExSi particles. Polymerisation of 
these oligomers takes place in acidic and 
neutral environments (2 < pH < 7) (Icopini et 
al. 2005; Izumi et al. 2005). High amounts of 
nanocolloidal silica are present in 
environments with low pH (3 - 4) and at 
neutral pH in combination with a low ionic 
strength. In acidic environments the 
concentration of monomeric Si is in 
equilibrium with the concentration of 
nanocolloidal Si. The conversion of 
nanocolloidal Si to precipitated Si is limited in 
these conditions in contrast to environments 
with neutral pH (Conrad et al. 2007). In basic 
conditions (pH < 9), monosilicic acids are 
negatively charged. Electrostatic forces then 
prevent polymerization except when the 
presence of metal cations allows neutralizing 
the monomers (Icopini et al. 2005; Izumi et al. 
2005). To simulate the concentrations of 
monomeric (               and nanocolloidal 
SiO2 (               a supersaturation model 
(Eq.2.15 and 2.16) was proposed by Conrad 
et al. (2007).  
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and  
             
  
 
 
 
  
 
 
 
 
 
     
 
 
                            
  
    
           
 
 
 
 
 
 
               
 
 
                          Eq.2.16 
With            the equilibrium concentration of 
precipitated amorphous SiO2,    the reaction 
rate constant for the formation of critical 
nuclei,    the rate of precipitation and m the 
reaction order with respect to           . 
(3) Processes of pedogenic formation of 
secondary minerals (phyllosilicates, silica and 
short-range ordered aluminosilicates) depend 
on DSi concentrations in the soil pore water. 
High Al disponibility favorises clay formation 
(Lucas 2001), under such conditions, short-
range ordered Al-Si compounds 
(hydroxyaluminosilicates, HAS) are formed in 
soils with pH > 5 (Wada 1989). HAS are 
amorphous precursors of imogolite (Exley 
1998; Doucet et al. 2001b). In presence of 
active organic matter, the formation of 
allophane and imogolite is suppressed as Al 
preferentially forms complexes with organic 
matter in those conditions. As a consequence, 
opaline silica precipitates (Huang 1991). In 
soil conditions, HAS form preferentially when 
soil moisture conditions are dry, organic 
matter mineralises and the roots and micro-
organisms are active (Turpault et al. 2008). 
This is an example of the fact that for the 
precipitation of each secondary mineral, 
specific equilibrium conditions need to be 
reached. 
(4) The DSi uptake by plants can be higher 
(active uptake) than, proportional to (passive 
uptake) or lower than (active exclusion) the 
predicted uptake by water mass transfer. 
Lower uptake leads to H4SiO4 accumulation in 
the soil. Cornelis et al. (2011) reviewed the 
literature on Si accumulation in plants and 
showed that both the main source and sink for 
DSi in soil solutions are phytoliths. Farmer et 
al. (2005) showed that the dissolution of 
phytoliths stored in soil were the main 
contributor to DSi in the river water during 
winter rains and spring snowmelt.  
To calculate the active uptake of Si the 
Michaelis-Menten (Monod) rate (Eq.2.17) can 
be used. 
       
    
       
           Eq.2.17 
where ra is the active uptake of DSi (mol l
-1
s
-1
), 
kM is the kinetic constant (mol l
-1
s
-1
) and KM is 
the half saturation constant (mol l
-1
). This 
equation is commonly simplified to a first order 
rate equation (Eq.2.18) by attributing a high 
value to KM.  
    
  
  
               Eq.2.18 
Active uptake will lower the Si concentration in 
soil pore water and the DSi concentration in 
receiving rivers may therefore be expected to 
decrease during periods of active DSi uptake 
by terrestrial vegetation (Fulweiler and Nixon 
2005). On the contrary, the DSi concentration 
will not vary seasonally in the case of passive 
uptake provided that the flux of passive 
uptake is the product of the DSi concentration 
and the transpiration flux.        
2.2.4 TOWARDS AN INTEGRATED CONCEPTUAL 
MODEL 
Only one attempt has been made to simulate 
the net effect of both sinks and sources on the 
final DSi concentration in the soil solution in a 
forested environment, and we have no 
knowledge of such efforts in other vegetation 
types. Gérard et al. (2008) proposed a 
conceptual model and simulated it using the 
MIN3P code (Mayer et al. 2002), in which 
active and passive uptake of Si were 
integrated. In this specific case study, soils did 
not contain evidence of secondary mineral 
precipitations. Consequently, the model was 
build based on the hypothesis that uptake was 
the only possible sink process. However, 
evidence for other sink processes (e.g. 
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nanocolloid formation) was not investigated. 
We propose a conceptual model for future Si 
concentration calculation models by coupling 
all known equations expressing Si dissolution 
and sink processes (Figure 2.2). In contrast to 
existing models, this conceptual model 
includes all known sink processes. The 
development of such a model should allow to 
estimate the importance of specific dissolution 
and sink processes, even in fields where soil 
solution and soil analysis show no clear 
evidence of the controlling process (e.g. for 
soils containing AlkExSi, Al- and Fe-oxides 
and HAS with soil solutions showing no clear 
seasonal variation and/or containing 
nanocolloids).  
The blueprint of our model is presented in 
Figure 2.2. Firstly, mineral dissolution in a 
specific soil horizon is calculated by obtaining 
rd from Eq.2.11, which is subsequently 
multiplied by the bulk density ( ) of the soil 
horizon. In the case of active uptake, the 
uptake by vegetation (described by ra) has to 
be accounted for in the root zone using 
Eq.2.17. The obtained value (rnet in mol l
-1
 s
-1
) 
is then multiplied by the duration of a time 
step (t in s) to obtain the gross increase in DSi 
concentration, after which losses due to the 
adsorption of Si are estimated using Eq. 14. 
The final Si concentration obtained is the total 
of monomeric and nanocolloidal SiO2. 
Estimating the relative importance of both 
fractions with Eq.2.15 and 2.16 requires to 
calibrate the result by measuring the 
monomeric SiO2, e.g. with the molybdenum 
blue method (Iler 1979). This Si model needs 
to be coupled with a water flux model, not only 
to estimate active uptake, but also to simulate 
Si fluxes between different soil horizons.  
 
 
FIGURE 2.2: BLUEPRINT OF THE ESTIMATION PROCEDURE FOR SI CONCENTRATION IN SOIL WATER AND GROUNDWATER BY TAKING 
INTO ACCOUNT DISSOLUTION AND SINK PROCESSES. THIS CONCEPTUAL MODEL IS BASED ON EQ.2.10,2.14,2.16 AND 2.17. 
 
To illustrate the relative importance of all the 
processes in different types of horizons, we 
describe our conceptual model for a podzol 
soil system, assuming passive Si uptake by 
vegetation (ra=0) (Figure 2.3) and steady-state 
downward water flow (Figure 2.3 & 2.4). As 
water is flowing downward through the soil 
profile, the DSi concentration in a particular 
horizon results from the sum of the DSi 
concentration measured in the horizon above 
and the produced or deposited DSi in the 
considered horizon. Assuming dissolution 
processes are generally more important than 
sink processes, the simulated DSi 
concentration builds up with depth (Figure 
2.3). The relative importance of the 
parameters (Table 2.1) from our model 
(Figure 2.2) depends on the active processes 
in a specific horizon. Simultaneous 
mobilization of Si in the humus layer is 
expected from the following processes: 
dissolution, transfer with upward capillary 
movement and uptake by roots and 
mycorrhizal hyphae. Site specific conditions 
will determine the relative importance of these 
mechanisms (Giesler et al. 2000).The 
concentration of organic acids, BSi and pCO2 
(Eq.2.12) are important in the humus layer 
and in the root zone (A horizon), which should 
lead to a rapid Si dissolution (Fig. 3). For the 
humus layer of podzolic soils, low molecular 
weight organic acids (LMWOA) concentrations 
range between 501 and 2644 µM, pH varies 
between 3.0 and 3.8, while DSi ranges 
between 25-353 µM (van Hees et al. 2000).  
In the E-horizon most soluble particles have 
been leached out and only the most stable 
minerals are left. Based on our conceptual 
model, we assume this should lead to a 
limited increase or to no further change in DSi 
concentration in this horizon (Figure 2.3). For 
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podzolic soils, LMWOA concentrations ranged 
from 0 to 450 µM, pH from 2.6 to 4.0 and DSi 
from 103 to 1032 µM in the E-horizon. In the 
B-horizons of these soils, LMWOA 
concentrations ranged from 0 to 124 µM and 
pH from 4.4 to 6.7 (van Hees et al. 2000). As 
the acidity is lower in the B-horizon than in the 
overlying horizons, parameters      and       
(Eq 2.12) diminish resulting in a lower 
dissolution rate (   in Eq.2.12). Resulting DSi 
concentrations in soil water are generally 
lower in the B-horizon (116-351 µM; van Hees 
et al. 2000) than in the E-horizon. In the B-
horizon DSi can be adsorbed due to the 
higher concentration of Al- and Fe-hydroxides 
and oxides (Eq.2.16) and precipitation of 
secondary minerals can take place (Figure 2.3 
& Figure 2.4). The concentrations of Al and 
base cations (Eq.2.12) are therefore likely 
most important in the B horizon. To 
complicate the situation the presence of 
organic acids, pCO2 and AlkExSi needs to be 
accounted for when root zones extent into the 
E- and B-layers. In that case concentrations of 
organic acids and AlkExSi will be higher over 
a deeper section of the soil profile. Finally, DSi 
concentrations depend on the importance of 
each of the processes described. In the upper 
part of the soil profile the poorly known 
biological and pedogenic processes probably 
control the Si-cycle, in topsoils AlkExSi 
particles are biogenic while pedogenic Si is 
likely more important deeper in the profile, 
even in presence of roots (White et al. 2012).  
Deeper in the soil, geological processes as 
e.g. weathering of minerals are controlling Si-
transport, these processes have been studied 
in detail. We assumed in our conceptual 
model (Figure 2.3) homogeneous bedrock, it 
is also realised that we should account for 
sulfates and carbonates (pCO2) in the 
saturated area when using Eq.2.12. 
TABLE 2.1: RELATIVE IMPORTANCE OF PARAMETERS OF EQ.2.10, 2.12 AND 2.17 FOR EACH SOIL HORIZON FOR A SOIL PROFILE LIKE 
PRESENTED IN FIGURE 2.3. +++, ++, +, ±, - IS THE SCALE FROM VERY IMPORTANT TO UNIMPORTANT. 0 STANDS FOR NEGLIGIBLE AND 
  FOR POROSITY. 
    rd θ ra
1
 
    [H+]
1
 pCO2
1
 [org]
1
 [SO4
2-
]     
Unsaturated Humus +++ +++ +++ 0 <ф ± 
 
A horizon ++ ++ ++ 0 <ф ± 
 
E-horizon + + ± 0 <ф 0 
 
B-horizon - ± ± 0 <ф 0 
Saturated zone ± ± / +
2
 ± ± ф 0 
1
This factor needs to be taken into account if uptake is active and only in the root zone. 
2
 pCO2 increase in the saturated zone in case of carbonate bedrocks, which produce bicarbonate 
acids by weathering. 
Soil moisture will depend on soil texture,   will 
typically range between 0.25-0.45 in silt and 
between 0.1-0.4 in sandy loam. Clay richer B-
horizons have a bigger retention capacity 
providing higher   values (Jury and Horton 
2004). In the capillary fringe located just 
above the groundwater level,   increases 
strongly (Figure 2.3) and approximates 
saturation, i.e.   (Table 2.1). This increased 
soil moisture will facilitate dissolution (Eq.2.9 -
 2.11) as well as DSi diffusion from capillary to 
leaching pore water. The relative water 
content profile represents an average 
situation, but in dry or wet conditions the top 
of the profile certainly differs.  
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FIGURE 2.3: TYPICAL PODZOL SOIL PROFILE IN TEMPERATE CLIMATE. PROCESSES AND SOIL MOISTURE VARY WITH DEPTH FROM ONE 
HORIZON TO ANOTHER. THE RELATIVE IMPORTANCE OF DSI IS PLOTTED FOR THIS SOIL COVERED BY VEGETATION WITH A PASSIVE 
UPTAKE OF SI AND WITH IMPORTANT ADSORPTION AND PRECIPITATION PROCESSES IN THE B HORIZON. 
For the podzol soil profile illustrated in Figure 
2.3, we propose a conceptual model as 
presented in Figure 2.4 where DSi 
concentrations are calculated for each soil 
horizon. Dissolution processes are dominant 
in the soil profile, except in the B-horizon 
where adsorption can play an important role 
(Figure 2.4). As both soil moisture and DSi 
concentrations are increasing with depth, the 
adsorption and precipitation horizons are likely 
an essential filter on the eventual export of 
DSi from the soil profile to rivers.  
 
Based on the blueprint of our model (Figure 
2.2), we can make similar models as Figure 
2.4 for other soil profiles. Generally at the top 
of podzols, a litter layer is present (Driessen et 
al. 2001) which contains BSi. However, for soil 
profiles without a litter layer we expect lower 
amounts of BSi. Moreover since non-podzolic 
soils are less acidic (Driessen et al. 2001), we 
can expect lower DSi concentrations. On the 
other hand given that there is no E-horizon, 
the DSi increase along the depth should be 
more constant than for podzols. The 
composition of the B-horizon (e.g. content of 
organic acids, of AlkExSi, of Al- and Fe- 
oxides, mineralogy, etc.) will determine which 
dissolution/sink processes are important and 
thus control the DSi concentrations. In other 
words, in a box model like Figure 2.4 for a 
non-podzolic soil, the box ―E-horizon‖ should 
be suppressed and the thickness of the 
arrows in the box ―B-horizon‖ adapted in 
function of the observed key controlling 
processes.  
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FIGURE 2.4: CONCEPTUAL MODEL OF THE TRANSPORT OF DSI THROUGH EACH HORIZON OF A PODZOL SOIL. EACH BOX IS A HORIZON 
WITH DISSOLUTION AND SINK PROCESSES OF DIFFERENT RELATIVE IMPORTANCE (THICK ARROW: IMPORTANT PROCESS). DASHED 
ARROWS SHOW THE TRANSPORT FROM ONE HORIZON TO ANOTHER WITH THE RIVER AS FINAL RECEPTOR. 
 
2.3 DELIVERY OF SI FROM THE SOIL TO 
THE RIVER 
Biogeochemical mass balances of Si have 
been established on the ecosystem scale 
(Bormann et al. 1998; Moulton et al. 2000). As 
these models are based on steady state 
assumptions processes leading to DSi export 
are hitherto excluded. However, steady state 
assumptions for soils and vegetation are 
difficult to maintain, especially for small-
catchment studies (Bormann et al. 1998). In 
these head-waters, it is necessary to focus on 
the dynamics of the processes in the 
unsaturated and saturated zone. Within these 
zones the effective transport of DSi will 
depend on soil hydraulic parameters like the 
hydraulic conductivity, which depends on   in 
the unsaturated zone, porosity, bulk density, 
matrix tortuosity, dispersivities, effective 
diffusion coefficient and adsorption partitioning 
coefficient of the different soil horizons (Bear 
1988). 
Graf and Therrien (2007) simulated the 
transport of DSi with thermohaline 
groundwater flow at the catchment scale in 
3D, focusing on groundwater flow and 
saturated ( =1) conditions, neglecting plant 
uptake. They included the effect of adsorption 
by use of a retardation factor. Their reactive 
transport model for DSi is expressed in 
Eq.2.18, which assumes fluid incompressibility 
and constant fluid density (Bear 1988).  
      
  
 
 
   
     
  
   
           Eq.2.18 
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In Eq.2.18, i and j are the dimension and 
equal to 1, 2 or 3, qi is the Darcy flux (m s
-1
) 
which depends on the hydraulic conductivity 
of the soil, C (kg m
-3
) is the solute 
concentration, R (-) is the retardation factor, 
    (m
2
s
-1
) is the coefficient of hydrodynamic 
dispersion,    (kg m
-3
 s
-1
) is the source/sink 
term or the net production of H4SiO4.  
       α  α  
    
   
 α                 
          Eq.2.19 
     
  
 
                      Eq.2.20 
The coefficient of hydrodynamic dispersion    
 
is given by Bear‘s equation (Eq.2.19) (Bear 
1988) where    (m) and    (m) are 
respectively the longitudinal and transverse 
dispersivity,   is the matrix tortuosity,    (m
2 
s
-
1
) is the free-solution diffusion coefficient and 
    (-) is the Kronecker delta function. The 
transport will also be retarded partly due to 
adsorption. The retardation factor R defined in 
Eq.2.20 (Freeze and Cherry 1979) depends 
on the bulk density  
 
 (g m-3) of the porous 
medium and the equilibrium distribution 
coefficient    (g
-1 
m
3
) for a linear Freundlich 
isotherm.  
While Graf and Therrien (2007) studied the 
transport of DSi only for the saturated zone, 
Gérard et al. (2002) investigated processes 
controlling DSi on the scale of the soil profile, 
in the unsaturated zone. DSi concentrations 
were analysed in leachates and in capillary 
solutions. The seasonality in DSi differed 
between capillary solutions and leaching 
solutions, with maximum DSi values observed 
in different seasons. DSi concentrations in 
capillary solutions were mainly controlled by 
surface weathering, with slow diffusion to 
leaching solutions. Gérard et al. (2002) 
suggest that diffusion goes more rapidly in 
well drained systems, like those studied by 
Berner et al. (1998). In Gérard et al. (2008) 
the flux is simulated based on Eq.2.21 through 
the first 120 cm of a topsoil covered by a 
forest. 
 
     
  
 
 
   
     
  
   
              
          Eq.2.21 
with       α  α             Eq.2.22  
In this zone and on this scale the uptake flux 
(qp [s
-1
]) of the solute (C [mol l
-1
 s
-1
]) by 
vegetation will have an influence on the Si 
transport. However, when active uptake is 
observed, the model also includes Eq.2.17. 
The soil moisture is taken into account, 
(Eq.2.21) as the topsoil is located in the 
partially saturated zone and since transport 
can only take place if enough water is 
available. For the 1D simulation of Si flux 
through vertical soil profiles, the equation for 
the hydrodynamic dispersion coefficient     
(Eq.2.19) has been simplified (Eq.2.22). 
Retardation is not taken into account in this 
study (Gérard et al. 2002).  
To simulate all processes on a catchment 
scale, we propose to use Eq.2.23 as a 
combination of Eq.2.18 and 2.21.  
      
  
 
 
   
     
  
   
              
         Eq.2.23 
In the partially saturated zone (upper part of 
Figure 2.3 & 2.4), θ is lower than Φ as 
opposed to the saturated zone where it is 
equal to Φ (lower part of Figure 2.3 & 2.4). 
Hence, qp will be greater than 0 in the root 
zone (Figure 2.3 & 2.4) in contrast to the zone 
below the roots where it is equal to 0. For the 
hydrodynamic dispersion coefficient     it is 
recommended to use eq.2.19, at least if all 
parameters can be estimated. In the podzol 
profile represented in Figure 2.3, water 
transports concentrations (Eq.2.23) from one 
horizon to another as illustrated by the dashed 
arrows in Figure 2.4. While the saturated zone 
is assumed to have a homogeneous lithology, 
the DSi concentrations calculated in the final 
box should be similar to the DSi 
concentrations in the river during base flow. 
Here the transport Eq.2.23 is also used with   
equal to  . 
2.4 EXTERNAL FORCES ALTERING 
INTERNAL DYNAMICS 
2.4.1 EFFECT OF LAND USE 
Land use has an impact on different state 
variables in the soil-vegetation continuum (soil 
structure, vegetation, hydrology, etc.), and it is 
therefore clear it will impact Si dynamics. 
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Weathering rates and the internal 
biogeochemical cycle of Si depend directly on 
the type of vegetal cover (quality and quantity 
of roots). Vegetation alters physical soil 
properties: (1) reactive surface area; (2) soil 
temperature; and (3) susceptibility for erosion. 
The reactive surface area is controlled by 
vegetation through binding fine particles and 
disintegrating bedrock (Drever 1994), in turn 
altering the interaction potential between soil 
AlkExSi and mineral Si and water. Vegetation 
also impacts soil temperature variability 
(Savva et al. 2010) and chemical properties of 
the soil solution (Albertsen 1977; Johansson 
et al. 2003). Plants and associated microbiota 
generate chelating ligands and acidifying 
products like CO2 and organic acids (Eq.2.12). 
The effect of land use on final Si delivery to 
riverine systems is corroborated by various 
studies that showed that Si export fluxes from 
different ecosystems vary significantly (Neal et 
al. 2005; Struyf et al. 2010; Engström et al. 
2010). To take into account the role of 
ecosystems as filters in the Si transport 
(Struyf and Conley 2012), we show for the 
three most common temperate land use types 
(croplands, forest and grasslands) how DSi 
concentrations and the state variables of 
Eq.2.12 are influenced by land use (Figure 
2.5).   
Before discussing the three typical land use 
types it is important to underline that the 
model was exemplary constructed to describe 
a podzol profile. Podzols with their 
characteristic eluviation (E) horizon are 
typically acidic soils (pH < 5), and are 
considered to be unsuitable for agricultural 
practices (needs a pH > 5), and therefore 
mainly covered by forests. Agricultural areas, 
like cropland and grassland, are rarely 
situated on podzols, but are preferentially on 
soil types like (albe-)luvisols, fluvisols, 
gleysols etc. with a typical (ABC-profile). The 
strength of our conceptual model, that 
incorporates the presence of an E horizon, is 
that it easily can be transformed to other soil 
types, which lack an E horizon. The 
separation of Si reactions per horizon, and 
exchange between horizons, based on 
specific chemical, physical and biological 
properties of each horizon (Figure 2.4) makes 
it possible to eliminate or incorporate horizons 
in the model. In the case of land use 
conversion, we eliminated the E horizon as 
farmers have preferentially used non-acidic 
soil for agricultural activities (Figure 2.5). 
a. Forests 
Forests are characterized by an important 
internal biogeochemical (re-) cycling of Si 
which reaches the deeper the soil horizons. In 
temperate forests, vegetation uptake (Eq.2.17 
if active) ranges from 2.3 to 43 kg ha
-1
 yr
-1
, Si 
restitution by litterfall ranges from 2.1 to 41 kg 
ha
-1
 yr
-1
, and the export by drainage (Eq.2.23) 
from the catchments is ranging from 0.7 until 
28 kg ha
-1
 yr
-1
 (Bartoli 1983; Markewitz and 
Richter 1998; Gérard et al. 2008; Cornelis et 
al. 2009). Due to this intensive internal 
cycling, the transport of DSi towards the river 
is delayed (Conley 2002). Further the Si 
concentrations within the profile are largely 
controlled by this biological recycling (Figure 
2.5). It is the litterfall that restitutes large 
amounts of biologically precipitated Si to the 
soil system (high αBSi in Eq.2.11). This implies 
an increased availability (or large pool) of 
easily dissolvable Si. Decomposition of the 
thick humus layer will also provide organic 
acids and dissolved organic matter to the soil 
solution, which enhances the Si dissolution 
(Eq.2.12). The effect will be most important for 
mineral dissolution, as forests soils are 
typically acidic (Eq.2.12), but differ depending 
on tree-stand compositions, e.g. pH is lower in 
coniferous forests than in deciduous forests 
(Johansson et al. 2003). In contrast to 
favoured dissolution conditions, DSi uptake is 
quite important (Alexandre et al. 1997; 
Meunier et al. 1999; Lucas 2001) and could 
potentially buffer increased mineral 
weathering (Struyf et al. 2010; Carey and 
Fulweiler 2013). However vegetation uptake is 
not proven to be an active process in forests 
(Cornelis et al. 2010b), rA (Eq.2.17) was thus 
neglected for forests in Figure 2.5. 
From a detailed study in temperate deciduous 
and coniferous forest soils (Cornelis et al. 
2010a), AlkExSi contents (wt%) showed a 
decreasing trend with depth from the humus 
layer, topsoil (0 - 7.5 cm) and at depth (30 -
 45cm) with respectively 0.5-1.4% AlkExSi (at 
soil pH 3.8), 0.3-0.6% AlkExSi (at soil pH 3.8) 
and 0.3-0.4% AlkExSi (at soil pH 4.5). 
Dissolved organic carbon concentration, used 
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as proxy for the organic acid concentration, in 
soil solution decreased with depth, 23.5-69 
mg/l in the humus layer (at soil solution pH 
4.12-5.05) and 2.3-3.7 mg/l at 60 cm depth (at 
soil solution pH 4.75 - 5.52). The DSi 
concentration in the leachates of these 
horizons showed opposite trends and 
increased with depth, concentrations of 30.6-
64.5 µM were measured in the humus layer 
and concentrations of 60.2-80.8 µM at 60 cm 
depth. These observations are conform with 
Eq.2.12, our representation in Figure 2.5 and 
our conceptual model in Figure 2.4 (even 
without the E-horizon). 
b. Grasslands 
Soil profiles of grasslands are characterized 
by shallow roots and a thin humus layer 
(Figure 2.5). Grasses accumulate Si actively 
(Eq.2.17), i.e. Si uptake is larger than water 
uptake (Marschner 1995). In principle, the 
biological Si cycling in grasslands is more or 
less comparable with the biocycling of forests. 
The input of biogenic AlkExSi in grassland 
soils is relatively high (high αAlkExSi in Eq.2.11) 
and comparable to forests. It varies from 55 to 
67 kg Si ha
-1
yr
-1
 for tall grass (Blecker et al. 
2006), which is comparable with inputs  
calculated for tropical forests (41-67 kg Si ha
-
1
yr
-1
;
 
(Lucas et al. 1993; Alexandre et al. 1997) 
and from 22 to 26 kg Si ha
-1
yr
-1
 for short grass 
(Blecker et al. 2006), which is comparable 
with the inputs calculated for deciduous 
forests (22 kg Si ha
-1
yr
-1
 ) and higher than in 
coniferous forests (4.5 kg Si ha
-1
yr
-1
 ) (Bartoli 
1983). But since grasses accumulate more Si 
(dry weight basis) and turnover at least as 
much Si as forests mineral weathering will be 
enhanced more severely in grasslands than in 
forests (Blecker et al. 2006). Different causes 
have been proposed for this relatively low bio 
recycling. Climatic weathering could be more 
important in forests enhancing dissolution 
processes (Blecker et al. 2006) by influencing 
temperatures (Eq.2.4 & 2.5) and soil 
moistures (Eq.2.11). The lower specific 
surface (Eq.2.12) of phytoliths could also 
explain the lower solubility (10-15 times) of 
grass AlkExSi in comparison to forest AlkExSi 
(Wilding 1974). Due to intensive mowing, and 
possibly cattle grazing of grasslands in some 
regions, a part of the AlkExSi pool is removed 
from the ecosystem (Struyf et al. 2010). In this 
case, the AlkExSi accumulation in the soil will 
not be replenished (or restituted) by plant 
uptake, which could eventually result in 
depletion of easy dissolvable Si pool so that 
αAlkExSi (Eq.2.11) decreases. In contrast it has 
also been shown that grazing can lead to 
higher AlkExSi in grasses (Massey and 
Hartley 2006; Melzer et al. 2009). In field 
experiments, Blecker et al. (2006) measured 
in different topsoils 0.2-0.5 g cm
-2
 soil organic 
C and 0.1-0.5 g cm
-2
 biogenic AlkExSi. For the 
same soils at 70 cm depth, both parameters 
were ≤ 0.1 g cm
-2
. This corresponds with our 
conceptual framework in which the biogenic 
AlkExSi content diminishes like soil organic C 
with depth (Figure 2.5, Eq.2.12). Resulting 
DSi concentrations in natural waters are 
rather low compared with forest (last column 
in Figure 2.5), which agrees with the 
observation of Struyf et al. (2010).  
c. Agriculture 
In modern agriculture systems the biological 
recycling by vegetation, like occurring in forest 
and most grassland ecosystems, is severely 
disturbed. Croplands are subjected to tillage, 
harvesting, soil erosion and the use of 
fertilizers. All these management practices 
prevent either the accumulation of a humus 
layer (Figure 2.5) or can lead to depletion of 
the Si pools in soils. The absence of biogenic 
AlkExSi accumulation in cropland soils 
(Meunier et al. 2008; Opfergelt et al. 2008; 
Vandevenne et al. 2012) leads to a low 
αAlkExSi.in Eq.2.11. Seasonal crop and tillage 
practice reduces the contribution of root-
induced weathering processes in rooting 
zone. The use of nitrate fertilizers enhances 
the release of Si as nitrification processes 
releases acids (Eq.2.12) (Klaminder et al. 
2011). Moreover, often tillage techniques 
create the occurrence of a typical plough layer 
(between 0.15-0.3m) with significant different 
physical, chemical and biological soil 
properties. Finally, erosion is important in 
croplands as bare soils are exposed to the 
wind and precipitation. Except, preventing a 
long-term accumulation of biogenic AlkExSi in 
the top-soil layer, it also alters the DSi and 
AlkExSi dynamics in cultivated first-order 
catchments (Smis et al. 2010). While 
dissolved organic matter concentrations are 
the lowest in croplands compared to forests 
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and grasslands, pCO2 (Eq.2.12) in soils was 
proved to be the highest (Albertsen 1977) 
(Figure 2.5). Resulting DSi concentrations in 
soil water are rather low (last column in Figure 
2.5) and it has been shown that baseflow 
delivery from agriculture catchments reflect 
these important changes in soil properties 
(Struyf et al. 2010).  
The general processes influencing the DSi 
concentrations for each type of land use are 
summarized in Figure 2.5, and represent the 
state variables that determine the output of 
Eqs.2.10 and 2.12. We assumed equal soil 
moisture profiles as soil water content is 
linked to the local hydrology (depth of the 
saturated zone) and less to the land use. This 
assumption allows focusing on the relative 
importance of the other state variables. Soil 
temperature (Eq.2.4 & 2.5) is generally lower 
under forest than under grassland cover 
(Savva et al. 2010). Cropland soils have 
higher temperatures and seasonal variations 
are more important compared to the other 
land uses (Tejedor et al. 2004; Savva et al. 
2010). As the measured temperature 
differences between cropland, grassland and 
forests are in the order of magnitude of a few 
degrees (°C), these differences will probably 
not influence directly the dissolution of Si but 
like stated previously can influence biological 
activity and thus the uptake of DSi (Eq.2.17 if 
active), the amount of organic acids (Eq.2.12), 
pCO2 (Eq.2.12), etc. However, as the root 
zone is deeper and humic layer thicker in 
forests, the amount of dissolved organic 
matter, used as a proxy for the organic acids 
concentration, generally decreases from 
forests, grasslands to croplands (Albertsen 
1977). Consequently, the pH (Eq.2.12) is 
lower in forests than in grasslands and arable 
lands. Due to the lower pH, podzol soils 
develop more typically in forests (Driessen et 
al. 2001) than in grasslands and croplands 
where no E-horizon is present. The pCO2 
(Eq.2.12) in soils was proved to be the highest 
in arable land, followed by grasslands and 
lowest in forests (Albertsen 1977). In the 
saturated zone we assumed equal 
concentrations of sulphates and bicarbonates 
(pCO2) for the three land uses as the soil 
profiles are developed in the same bedrock. 
To sum up, we can conclude that the acidity 
parameters (Eq.2.12), which drive the 
dissolution are different according to land use, 
i.e. in forests organic acids and pH are 
important but in grassland and cropland pCO2 
will be more important. 
 
 
FIGURE 2.5: RELATIVE IMPORTANCE OF THE PARAMETERS (BSI, [ORG], PCO2, PH, [SO4
2-],[CO3
2-],Θ, RA) INFLUENCING THE DSI 
CONCENTRATIONS IN NATURAL WATERS OF FORESTS (F), GRASSLANDS (G) AND CROPLANDS (C); PARAMETERS INFLUENCE EQ. 2.10 
AND 2.12. 
2.4.2 SEASONAL CLIMATIC VARIATION 
Seasonal variations of DSi have been 
observed in water of temperate forested 
catchments with humid winters and dry 
summers (Likens et al. 1970; Neal et al. 
2005). Various explanations are given for the 
temporal variation in DSi transport (Rice and 
Bricker 1995; Fulweiler and Nixon 2005; Neal 
et al. 2005) based on differences in 1) 
temperature; 2) biological uptake; 3) drainage 
regime and; 4) groundwater level. Seasonal 
temperature variation can affect biological 
activity and its related acid production and 
biological uptake. The decrease of DSi in 
natural waters during the growing season can 
be explained by the DSi uptake by vegetation 
(Fulweiler and Nixon 2005) or by the 
consumption of DSi by diatoms in the river 
(Neal et al. 2005). In the first case the 
decrease will be observed in soil waters in 
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contrast to the second case where the 
decrease is only observed in river water. 
Gérard et al. (2002) observed a significant 
seasonal variation in soil water and 
connectivity between the soil and river 
system, DSi concentrations in capillary soil 
solutions were generally ca. 35 µM lower 
during winter than during summer. When 
seasons change, evapotranspiration vary and 
precipitation patterns change, which leads to 
soil moisture variations. Consequently, this 
leads to different drainage regimes, at high 
soil moisture, conductivity will be high which 
lowers the residence time of the water. In that 
case, the contact time between Si-particles 
and water is short and less dissolution can 
take place. Changes of drainage regimes are 
often accompanied by groundwater 
fluctuations. If lithology of the aquifer varies 
vertically, more weatherable layers can be in 
contact with the higher groundwater levels of 
humid winters and release Si, in which case 
water chemistry can be correlated with 
groundwater level (Rice and Bricker 1995).  
 
Applied on a typical growing season, and 
precipitation representative scale we would 
characterize two main periods, with typical 
processes influencing seasonal fluctuations. 
The first is the autumn-winter period with long 
low intensity precipitation, and low biological 
activity. A second is the spring-summer period 
with short heavy intensity rains, and coinciding 
with the growing seasons of forest, grassland 
and most crops. These seasons correspond 
with contrasting physical, chemical and 
biological settings that affect the Si buffer 
capacity in the soil-vegetation continuum. 
 
In terms of climatology the spring-summer 
period has higher evapotranspiration rates 
which not only induce dryer soils, but also 
results in a higher DSi uptake by vegetation, 
illustrated as important soil-vegetation 
interaction in Figure 2.6. Combined with less 
frequent but intensive rainfall events, high 
evapotranspiration leads to dryer conditions 
as represented by lower soil moisture states 
(  in Figure 2.6). It also causes reduced 
internal drainage and lower groundwater 
levels (Eq. 2.9, 2.10, 2.11) limiting 
unsaturated DSi transport to the aquifer 
(Eq.2.23). Like stated before, higher 
temperatures increases biological activity, 
which leads to more acid production (pH or 
H
+
, [org] and pCO2 in Figure 2.6 and Eq.2.6, 
2.7, 2.8 & 2.12). Consequently, higher acid 
production results in Si desorption and in a 
shift of cation exchange equilibria, i.e. base 
cations are replaced by H
+
 on the mineral 
surfaces (Eq. 2.6, 2.7, 2.8 & 2.12) (Berner et 
al. 1998). This enhances Si weathering and 
AlkExSi dissolution. At the end of the growing 
season when the vegetation diminishes 
uptake, DSi and other cation saturated 
conditions could occur and this could lead to 
the precipitation of hydroxialuminosilicates 
(HAS) (Turpault et al. 2008; White et al. 
2012). The formation of HAS is potentially an 
important sink for biologically recycled Si. 
Other processes dominate the autumn-winter 
season. Low evapotranspiration rates induces 
low DSi uptake by passive vegetation, 
illustrated by a weak interaction between soil 
and vegetation for forest and grassland or no 
interaction in cropland in Figure 2.6. 
Combined with the frequent long duration but 
low intensity rainfall and low 
evapotranspiration, it leads to higher soil 
moisture states (  in Figure 2.6), increased 
internal drainage and consequently to 
increased groundwater levels which can 
enhance dissolution of the lithologies (Eq. 2.9, 
2.10, 2.11). This period with low biological 
interaction coincides with the restitution of 
litter. The decaying organic matter releasing 
biogenic AlkExSi into the soil giving a larger 
fresh AlkExSi stock available, especially in 
forests where litterfall is important (AlkExSi in 
Figure 2.6). Cold temperatures could 
postpone the decay process till the start of 
spring, when temperatures rise and biological 
activity enhance decomposition. Further, cold 
periods could cause DSi polymerization and 
Si complexation with particulate material when 
water freezes (Tallberg et al. 1997). Finally, 
hydroxialumino-silicates (HAS) formed during 
dry chemical saturated conditions dissolve in 
the wet soil moisture conditions and becomes 
a DSi source (Turpault et al. 2008; White et al. 
2012). 
 
To conclude, DSi concentrations should 
generally be lower during winter than during 
summer (e.g. observations in capillary 
solutions; Gérard et al. 2002), as acid 
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production will drive a lot of processes 
enhancing Si dissolution. Transport processes 
in the dry summer will be slower, maximal DSi 
concentrations can be observed at different 
times in capillary soil water, leaching solution 
and river water due to diffusion processes 
from capillary to leaching solution (Gérard et 
al. 2002) or due to a long transport time from 
soil to river. In the case that DSi 
concentrations reach saturation at the end of 
the summer, poorly cristalline Si phases like 
HAS precipitates resulting in an increase of 
αHAS.(Eq. 2.11).  
 
 
FIGURE 2.6: PROCESSES INFLUENCING THE DSI DISSOLUTION IN SOILS OF FORESTS, CROPLANDS AND GRASSLANDS DURING SUMMER 
AND WINTER, ASSUMING THE SAME SOIL TYPE FOR THE THREE CASES. THE DETERMINING PARAMETERS ARE THE SOIL MOISTURE (ϴ), 
THE CONCENTRATION OF ORGANIC ACIDS ([ORG]), THE PARTIAL PRESSURE OF CO2 (PCO2) AND THE AMOUNT OF FRESH BIOGENIC 
SILICON BROUGHT IN THE SYSTEM AFTER THE AUTUMN (BSI).   
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2.5 DISCUSSION AND CONCLUSIONS 
We presented a conceptual framework which 
describes DSi transport from land surface, 
through each soil horizon, subsurface until the 
river for catchments with temperate climate. 
This is the first time a framework of equations 
is proposed that may be used to develop a 
mechanistic model for DSi production and 
transport. To model DSi transport, a code 
should be written or existing codes, e.g. 
PHREEQC (Parkhurst and Appelo 1999), 
MIN3P (Mayer et al. 2002), should be adapted 
to integrate all acidification factors (Eq.2.12), 
sink processes (e.g. with Si adsorption with 
Eq.2.14 and nanocolloid formation with 
Eq.2.15 & 2.16) and AlkExSi pool (αAlkExSi in 
Eq. 2.11) which were often ignored in existing 
models. After coupling the chemical model to 
a water flux model, the proposed model needs 
to be validated by applying the model in field 
situation. As each field site has its own 
specific characteristics, the user of such 
framework has to determine which controlling 
processes and rate limiting processes are 
important in his case study. Based on that 
analysis, the user can simplify the framework 
by dismissing some processes or simplify the 
soil profile representation (Figure 2.4, e.g. 
elimination of horizons), if needed. 
Several research gaps still impede full 
understanding of the Si cycle. On the scale of 
soil profiles, not all pedogenic processes are 
known. Influence of sulfates (SO4
2-
) in the 
saturated zone could potentially increase DSi 
mobilisation (Lerman et al. 2007; Klaminder et 
al. 2011) and should be better studied to 
determine its relative importance. It is known 
that micro-organisms also play a role in the Si 
biogeochemical cycle. Landeweert et al. 
(2001) observed that ectomycorrhizal fungi 
extract nutrients from minerals. Other studies 
showed micro-organisms can rework smectite 
clay mineral to the less Si-rich mineral illite 
(Kim et al. 2004) and attack biogenic AlkExSi 
in plant roots (Watteau and Villemin 2001). 
Biogenic Si reactivity has mostly been studied 
during laboratory experiments, while field 
information from soil profiles is lacking, it is 
required to specify the exact effect of chemical 
properties on BSi dissolution.  
Through our conceptual model, we illustrated 
how sink and dissolution processes 
influencing Si transport can differ from one soil 
horizon to another for a typical podzol profile 
in a temperate climate. Our conceptual model 
(Figure 2.4) is transformable to other soil 
types, as the elimination or incorporation of 
specific horizons is straightforward. This will 
allow simulating the effect of external forcings, 
i.e. seasonal variation and land use, on the 
internal dynamics of ecosystems. For 
example, by analysing the parameters driving 
DSi production (Eq.2.12), one can study 
whether variation of DSi export is linked to 
biological activity.  
AlkExSi storage, Si-cycling and final Si-export 
differs for different land use types (forest, 
cropland, grassland). In a southern Swedish, 
undisturbed systems store a larger AlkExSi 
amount, while cropland and grassland store 
lower AlkExSi stocks. Easily soluble Si pools, 
representing the Si available upon contact 
with ionic active water, was lowest for 
croplands (Clymans et al. 2011). The latter 
corroborates the expected model output 
presented in section 2.4.1. and Figure 2.5 
which accounts for the different AlkExSi 
stocks but also for the different acids driving 
dissolution processes. Clymans et al. (2011) 
concluded that historical land use changes 
probably has altered Si export from disturbed 
catchment, based on observed stock changes. 
This supported a study in the Scheldt basin 
where on the long-term baseflow Si export 
decreased from agriculture catchments 
(Soetaert et al. 2006). The diminishing Si 
export can be explained by a perturbation of 
the vegetation-soil link, and changes in 
chemical properties of soils. The latter 
represents an alteration of the dissolution 
driving state variables (Eq.2.12). For example, 
it is known that soil pH increases when forest 
becomes cropland or pasture and base-
exchange properties increase (Reiners et al. 
1994). To unravel the exact effect we propose 
to integrate our model in land use studies.  
An important remaining question is how much 
DSi exported from a catchment finds it origin 
in AlkExSi relative to mineral Si? To 
understand the relative contribution of the 
biological filter to eventual output of DSi, Derry 
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et al. [120] successfully combined Ge/Si ratios 
with the Si concentrations. Cornelis et al. 
(2010a) recommended to make a Si mass 
balance and to combine the use of the 
geochemical tracers Ge/Si and δ
30
Si as 
separation tools. Their applicability relies on 
distinct signatures characterizing the different 
sources within in the terrestrial Si cycle. For 
several dissolution processes, Si isotope and 
Ge:Si fractionation evidence is available 
(Opfergelt et al. 2010). Secondary clay 
mineral, plants and Fe-oxides preferentially 
include light Si isotopes (Douthitt 1982; 
Opfergelt et al. 2006), and making soil pore 
water enriched in heavy Si isotopes (Opfergelt 
et al. 2006). Secondary clay formation favours 
Ge uptake resulting in high Ge:Si ratios. In 
contrast, phytoliths have low Ge:Si ratio as 
plants are Ge selective (Murnane and Stallard 
1990; Kurtz et al. 2002; Scribner et al. 2006; 
Blecker et al. 2007; Delvigne et al. 2009). The 
dissolution of soil clays and phytoliths leads to 
a mixed Ge:Si signature in soil pore water 
depending on the relative contribution of these 
processes. The dissolution of AlkExSi will alter 
the pore-water signature even further. 
Seasonal Si isotope signature variation was 
observed in river water (Engström et al. 2010; 
Cornelis et al. 2010a) or soil water (White et 
al. 2012). All these approaches are still in 
early stages of development, therefore it is 
presently difficult to assess different Si 
sources based on either method. More 
detailed research on these tracers in specific 
land use types could significantly enhance this 
research. The results from such tracer studies 
will allow validating the controlling processes 
proposed by the future numerical models. 
To assess CO2 consuming processes like 
mineral weathering (Chadwick et al. 1994) or 
diatom uptake, the exact quantification of 
silicate weathering (Figure 2.2) in soils and 
total DSi delivery from the continent to the 
ocean are essential. In contrast to our 
proposed conceptual model, current 
approaches (e.g. Goddéris et al. 2006) ignore 
the biogenic Si pool as a DSi source or sink, 
as well as differences due to the land use 
types. Prediction models of global DSi 
transport in the future will have to take these 
factors into account as well as the expansion 
of agriculture (Gordon et al. 2008). It is 
expected that agricultural expansion has led, 
and will lead to a decrease in Si exchange 
between soils and rivers. Our model will be a 
useful tool to verify this hypothesis, to 
understand what controls this decrease and 
finally predict changes in Si export for different 
scenarios. 
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3 Controls on Si export from different land uses: a soil 
column experiment 
 
Based on: Ronchi B., Barão L., Clymans W., Vandevenne F., Batelaan O., Govers G., Struyf E., Dassargues A., 
Controls on Si export from different land uses: a soil column experiment, submitted to Catena in July 2014 
3.1 INTRODUCTION 
Si export from terrestrial catchments has long 
been thought to be fully controlled by chemical 
weathering processes of minerals (Garrels 
and Mackenzie 1967). However, it is now 
clear that the dissolution less-crystalline silica 
particles present in soils does affect Si export 
(Sommer et al. 2006; Street-perrott and 
Barker 2008). The total quantity of this less 
cristalline Si pool is often measured through 
alkaline extraction and can therefore be 
named alkaline extractable Si (AlkExSi) 
(Barao et al. 2014). This method extracts less-
crystalline Si of biological origin (BSi) and of 
pedological orgin (PSi) (Georgiadis et al. 
2013; Barao et al. 2014).  
BSi is formed when dissolved Si, primarily 
derived from the weathering of silicate 
minerals, passes through ecosystems: many 
plants are Si accumulators and incorporate 
BSi in their tissues in the form of phytoliths 
(Epstein 1999). Much of this BSi is returned to 
the soil when plants die off or loose foliage. As 
a consequence, soils contain a significant 
biogenic Si reservoir in the form of phytoliths 
(Meunier et al. 1999). The presence of these 
phytoliths significantly affects Si cycling in 
soils. Like the dissolution of silicates, the 
dissolution of BSi particles is controlled by 
weathering processes dependent on chemical 
soil water parameters (pH, base cations (BC) 
(Dove 1995; Dove et al. 2008) but BSi 
solubility (1.8 mM Si) can be up to 17 times 
higher than that of quartz (0.10 – 0.25 mM Si) 
(Fraysse et al. 2006). However, BSi solubility 
is variable, some phytoliths can be very 
resistant to dissolution, which results in 
residence times of more than 12000 years 
(Wilding 1967; Parr and Sullivan 2005; Song 
et al. 2013). Meunier et al. (1999) attribute the 
large BSi storage in bamboo dominated soils 
not to the stability of phytoliths, but to the 
efficiency of BSi production of bamboo. Thus, 
the accumulation of BSi in the terrestrial realm 
modulates the final Si export towards oceans. 
This concept has become known as the 
―ecosystem Si filter‖ (Struyf and Conley 2012).  
Biogenic Si is not the only form of less-
crystalline Si present in soils. Dissolved Si 
flowing through the soil profile, can also 
reprecipitate as amorphous or poorly 
crystalline Si phases (Chadwick et al. 1987; 
Doucet et al. 2001), as clays, or adsorb on Al- 
and Fe-(hydr)oxides deeper in the soil profile 
(Beckwith and Reeve 1963; McKeague and 
Cline 1963). These reactive non-crystalline 
fractions are grouped under the name 
―pedogenic Si‖ (PSi). To separate PSi from 
BSi in the total AlkExSi pool, Si/Al ratios can 
be measured to quantify clay pools and 
alkaline extraction methods are compared with 
other extraction methods (e.g. oxalate 
extraction for the adsorbed Si on oxides and 
hydroxides) (Georgiadis et al. 2013; Barao et 
al. 2014). Recent research suggests that 
clays, a form of PSi, may play an important 
role and may not only act as sinks but also as 
sources of dissolved Si (Cardinal et al. 2010; 
Cornelis et al. 2010a; Cornelis et al. 2014a). 
Little is known, however, about the solubility of 
the PSi fraction under typical ambient soil 
conditions and the importance of its 
contribution to the Si export towards rivers. 
The BSi and PSi reservoirs in a soil are 
coupled. BSi may dissolve in the (acid) A 
horizon and be transported to the less acid B 
horizon, where it may precipitate as PSi. PSi 
may also dissolve and may then be taken up 
through plant roots and finally be returned to 
the soil as BSi when the plant material in 
which it is incorporated dies off.  
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Plants do not only act as Si accumulators but 
may also have a direct effect on Si release by 
affecting mineral weathering. Silicate 
weathering reactions consume CO2 from the 
atmosphere and convert it to bicarbonate in 
river and groundwater (Cochran and Berner 
1996; Lucas 2001). The chemical composition 
of natural water, particularly its dissolved Si 
(DSi) concentration, is therefore often 
considered as a good indicator of the mineral 
weathering rate (Garrels and Mackenzie 1967; 
Oliva et al. 2003).  
The enhanced chemical and physical silicate 
weathering by land plants was demonstrated 
by the study of Cochran & Berner (1996) 
where chemical denudation rates for basalt 
covered by plants were ten times higher than 
for bare basalts, which were only colonized by 
microbial communities. Plants change soil 
physical properties by binding fine particles 
and disintegrating bedrock, which 
consequently changes surface areas (Drever 
1994). They also generate weathering agents 
such as acidic organic root exudates and 
recycle soluble cations (Kelly et al. 1998).  
However, silicate weathering is not only 
surface reaction controlled. Maher (2010) 
suggested that weathering in most granitic 
sediments is transport-controlled, i.e. 
dependent of fluid residence time and fluid 
flow rates. Plant root distribution determines 
water uptake (Jackson et al. 2000) from the 
soil and thereby affects the importance of 
different flowpaths and water residence time. 
Consequently, a change in vegetation may 
also impact transport-controlled weathering. 
factors in transport-controlled weathering are 
fluid flow, pH and mineral solubility, whereas 
surface area and mineral kinetics are less 
important (Maher 2010).  
Given the strong interactions between plants 
and the Si cycle, it can be expected that land 
use changes such as deforestation can 
significantly alter catchment scale Si fluxes, a 
hypothesis which was confirmed by recent 
empirical studies (Conley 2002; Carey and 
Fulweiler 2011). Struyf et al. (2010) found a 
negative relationship between the presence of 
forests in a catchment and DSi export. They 
proposed a conceptual model to explain why 
DSi export is ultimately reduced when land is 
converted from forest to agriculture. In their 
model a large AlkExSi (BSi+PSi) pool is 
maintained under forest due to a high BSi 
production and the return of this BSi to the soil 
after plant decay (Struyf et al. 2010). When 
trees are removed, the supply of BSi 
decreases, as on agricultural land phytolith 
production is lower and a large fraction of the 
biomass is removed through grazing or 
harvesting (Vandevenne et al. 2012; Keller et 
al. 2012). At the same time, 
evapotranspiration decreases and 
groundwater recharge increases, leading to 
the depletion of the AlkExSi pool and a 
significant release of AlkExSi to groundwater 
and surface water. Finally, after the depletion 
of the AlkExSi pools, DSi concentrations in 
water bodies decline again. Clymans et al. 
(2011) showed that AlkExSi stores in soils 
under arable land use in Sweden were indeed 
up to 2.3 times lower than those in similar 
soils under permanent forest, thereby 
confirming that agricultural land use leads to a 
depletion of the soil ASi pool. The 
enhancement of Si fluxes from the land to the 
water after deforestation may not only have 
significant effects on the productivity and 
composition of aquatic ecosystems, but may 
also affect the biological CO2 pump in oceans 
as the latter is directly related to the ocean‘s 
primary productivity (Conley et al. 2008; 
Laruelle et al. 2009; Struyf et al. 2010; Carey 
and Fulweiler 2011). 
The role of the different fractions in the 
AlkExSi pool in soils in controlling Si release 
has been analyzed in a few studies but field 
data can only be used to a limited extent to 
assess controls on AlkExSi solubility. First, it 
is hard to control the complexity of the natural 
hydrological system in the field. Water fluxes, 
pore water chemistry, and more specifically 
pH and chemical saturation state, can vary 
locally (Neal 1997) due to soil heterogeneity 
and vadose zone processes (Neal 1996). 
Secondly, while DSi concentrations can 
effectively be measured, it is much more 
difficult to determine the contribution of the 
different possible sources to the total DSi flux. 
Laboratory column studies can overcome 
these objections to some extent as water 
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fluxes and water composition can be 
controlled. The aim of this study is to use such 
column studies (i) to test the hypothesis that 
different AlkExSi fractions in the soil depend 
on the land cover and influence Si release, (ii) 
to assess the contribution of BSi and PSi 
dissolution to the Si export, and (iii) to obtain a 
first quantitative estimate of PSi dissolution 
rates and an insight in the factors controlling 
these rates. We performed leaching 
experiments on soil samples of A horizons 
containing BSi and on samples of B horizons 
without BSi, from forests and croplands 
developed on similar parent material. The 
experiments were conducted on two soil types 
(Luvisol vs Cambisol), both from a temperate 
climate but originating from different bedrocks, 
to verify the general validity of the 
observations.  
3.2 MATERIAL AND METHODS 
3.2.1 STUDY SITES AND SOIL SAMPLING  
Our study used soil samples from different 
land uses and developed on different parent 
materials in temperate regions. The first 
location is in the Belgian Loam Belt and has a 
temperate climate with long-term mean annual 
precipitation of about 760 mm and a mean 
January and July temperature lying 
respectively between 3°C and 4°C and 
between 17°C and 18°C. Samples from 
hillslopes were collected in a catchment under 
forest (Meerdaal forest, fbe site, 50°48'N, 
4°40'E) and a catchment under high-intensity 
arable land use (Ganspoel, cbe site, 50°48'N, 
4°35'E). Soils in both catchments were 
typically Luvisols developed on eolian loess 
deposits. A similar strategy was used to 
sample a second location in Sweden, here 
samples were taken in a catchment under 
continuous forest (Siggaboda, fsw site, 
56°27'N, 14°12'E) as well as one under arable 
land use (Råshult, csw site, 56°36'N, 14°11'E) 
(Clymans et al. 2011). This agricultural site is 
different from the Belgian site as it is located 
in a cultural reserve where traditional, low-
intensity tillage is practiced and a two to three 
year ley is used between crops. Agricultural 
intensity at Siggaboda is therefore clearly 
lower in comparison to the Ganspoel site. The 
mean annual precipitation is ca 700 mm yr
−1
 
and January and July temperature vary 
respectively between −2°C and −3°C and 
between 15°C and 16°C. The Swedish soils 
developed on sandy till underlain by granitic 
bedrock and were classified as Cambisols. 
The Swedish soil samples were collected 
through coring in flat plains, a detailed 
description of the study area and the sampling 
technique is presented in Clymans et al. 
(2011). At the Belgian location, soil pits were 
dug for sampling in the Meerdaal Medieval 
forested catchment (Oud-Heverlee, Belgium) 
and in an arable catchment Ganspoel 
(Huldenberg, Belgium). Throughout the study 
we indicated our sites with the acronyms 
defined above (fbe, cbe, fsw, csw), specific 
horizons are indicated by a letter preceding 
this acronym (e.g. Afsw).  
Barao et al. (2014) determined on the 
Swedish soil samples the AlkExSi contents 
(mg Si g
-1
) with the continuous alkaline 
extraction technique (0.5 M NaOH) as 
described by Koning et al. (2002), to separate 
the reactive Si into biogenic (BSi) and non-
biogenic PSi (Table 3.1). The same method 
was used to analyse the Belgian soils by the 
ECOBE group of the University of Antwerp 
(Table 3.1). BSi was defined by a high Si/Al 
ratio (>5). In the Swedish soils, the PSi pool 
had a Si/Al ratio < 0.5. This PSi amount 
correlated with the amount of Si extracted with 
oxalate and was therefore considered to be 
adsorbed Si on Al and Fe-oxides. The PSi 
pool of the Belgian soils was considered to be 
constituted of clays as extracted Si/Al ratio 
were between 1 and 5 (Vandevenne & Barao, 
personal communication), which is typical for 
clay dissolution (Koning et al. 2002; Barao et 
al. 2014). Moreover, Belgian loess contain 
clays, e.g. smectite and kaolinite (Van Ranst 
et al. 1982). In the Belgian soil, the adsorbed 
Si amount was low (Si <0.25 mg g
-1
; 
Vandevenne & Barao, personal 
communication). 
In both study areas an evolution from BSi 
dominated (and virtually no PSi) to PSi 
dominated (and virtually no BSi) horizons with 
depth were observed. We used in our column 
experiment samples from the A horizon (0-20 
cm depth) and from the B horizon (40-60 cm 
depth) to investigate how such a change in Si 
composition (BSi vs PSi) affected Si solubility.  
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Soil pH was determined in a CaCl2 solution 
(0.01 M) and measured with a glass electrode 
(Table 3.1) while soil organic carbon content 
was measured with Walkley and Black (1934) 
titrations (Table 3.1). The Swedish soils had 
lower pH values than Belgian soils with the 
same land use(Table 3.1).  
 
 
TABLE 3.1: SELECTED SOIL PROPERTIES FOR THE SAMPLED SOIL HORIZONS AS WELL AS THE CORRESPONDING COLUMN NUMBER AND 
SOIL DENSITY IN THE COLUMNS 
Soil 
Sample 
Horizon BSi PSi pH SOC Columns Soil Bulk 
Density  
  (mg Si g
-1
) (mg Si g
-1
) (CaCl2) % (kg dm
-3
) 
Study Belgium - Vandevenne & Barao et al. Prep 
fbe        
 
A 4-6 0 3.9-4.3 9.71-1.77 1-2 1.30 
 
B 0 4-6 4.9-5.3 0.05-0.03 3-4 1.30 
        
cbe   
     
 
A 2-3 1.5 6.5-7.2 1.74-1.09 5-6 1.30 
 
B 0 4-8 6.9 0.03 7-8 1.30 
      
 
 
       
Study Sweden - Clymans et al. 2011 / Barao et al. 2014 
fsw   
     
 
A 3.00-8.72 0-0.60 3.3 20.3 9-10 1.08 
 
B 0 3.67-5.52 4.5 2.0 11-12 1.30 
        
csw   
     
 
A 3.51-4.20 0-0.01 4.6 2.8-2.3 13-14 1.30 
 
B 0.32-0.44 0.56-0.62 4.7 2.5 15-16 1.77-1.57 
 
3.2.2 COLUMN EXPERIMENT 
Soil columns were set up in duplicates for 
each of the eight soil horizons. 16 plastic 
columns of ten cm length and six cm internal 
diameter (i.e. two replicates for each 
combination of location, land use and soil 
erosion) were filled up to six cm with air-dried 
soil sieved at two mm with soil densities 
varying between 1.08 and 1.77 kg dm
-3 
(Table 
3.1). The soil surface in the column was then 
covered with filter paper (Macherey-Nagel 
MN640d 2.50 µm) to homogenize the wetting 
front. The columns were placed on porous 
polyethylene plates covered by Cole-Parmer 
Nylon–Polyamide-Membrane (pore size 0.45 
µm), covered with a cap to prevent 
evaporation and stored in the dark to prevent 
algae growth. Next, columns were brought at 
field capacity by first saturating the porous 
plates at the bottom of the column with water 
and consequently applying a -100 cm with a 
vacuum pump. A volume of 30 ml rain water 
was added to the columns to allow them to 
equilibrate during two days. During the 
leaching test, the columns were constantly 
irrigated with rain water collected during 
August and September 2013 in Belgium 
(Heverlee) using a peristaltic pump. The rain 
water had a pH of 7.2 and contained 1.27E-5 
mol Si l
-1
, 3.71E-8 mol Al l
-1
, 8.34E-8 mol Ca l
-
1
, 1.72E-5 mol K l
-1
, 1.58 E-5 mol Mg l
-1
 and 
3.85E-5 mol Na l
-1
. Using the same water for 
all columns allowed to compare easily the 
effluents from the diverse columns. Initially we 
applied a flux of 0.8 ± 0.2 cm d
-1
 (Q1), until DSi 
concentrations stabilized. After stabilization of 
the DSi concentration in the effluent, we 
increased the water flux to 2 ± 0.28 cm d
-1
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(Q2) in order to evaluate the effect of different 
hydrological regimes on DSi release. The 
effluent was collected in plastic erlenmeyers 
(PP), sampled, weighted, filtered and 
analysed for Si, Al, Ca, K, Mg and Na with 
ICP-OES (180 µL HNO3) as well as for pH 
measured with a glass electrode. At the start 
of the experiment, we sampled the effluent 
three times a day, after three days, twice a 
day, and after a week, once a day.  
After the leaching experiment, we determined 
the pore volume (PV) and pore water velocity 
(v), for both water fluxes, as a control on 
transport factors. To estimate PV columns 
were irrigated with a pulse of 40 ml of 1 mM 
CaCl2 after the termination of the experiments 
to avoid contamination with Ca
2+
 ions during 
the leaching experiments. The breakthrough 
curve of Cl
-
 was then used to estimate the 
pore volume (PV) and the pore water velocity 
(v) for each column using the advection-
dispersion equation as implemented in the 
CXTFIT2 model (Toride et al. 1995). 
Breakthrough curves did not show significant 
asymmetry or tailing that would indicate the 
presence of physical non‐equilibrium like 
preferential flow paths or Cl
-
 adsorption on soil 
particles. For the initial flux (Q1), we obtained 
estimates of v between 1.3 and 2.3 cm d
-1 
with 
an average of 1.8 ± 0.34 cm d
-1
, or 0.65 ± 0.23 
PV d
-1
. Increasing the flux 2.5 fold to 2 ± 0.28 
cm d
-1
, gave v estimates between 2.7 and 4.8 
cm d
-1 
with an average of 4.02 ± 0.61 cm d
-1
 or 
1.35 ± 0.38 PV d
-1
. 
3.2.3 SI CONCENTRATION 
To compare the different soils, DSi 
concentrations ([Si]aq, mg l
-1
) were normalized 
(Sinorm, mg g
-1
) for the water volume contained 
in one pore volume of the considered column 
(VPV, l) and in contact with amount of soil 
material present (msoil, g) (Eq.3.1). In other 
words, Sinorm represents the mass (in mg Si) 
leaching out of one gram of soil.  
        
          
     
   Eq.3.1 
3.2.4 SI FLUX CALCULATIONS 
The Si flux was obtained by multiplying the 
average Si concentrations (C, mol DSi/l) by 
the water discharge (Q1: 0.8 ± 0.2 cm d
-1
, Q2: 
2 ± 0.28 cm d
-1
) and the cross-sectional area 
of the column (cm²).  
Si concentrations at Q1 typically, but not 
always, declined semi-exponentially 
throughout the experiment, reaching a steady 
value after leaching of one to three PV 
(Fig.3.1). When the discharge was increased 
to Q2, Si concentrations decreased 
immediately and remained more or less 
constant during the rest of the experiment.  
To quantify the effect of flux change on the 
quasi steady-state phase, we calculated the 
ratio between the average flux for the last five 
measurements taken at Q1 for each 
experiment while we used all observations to 
calculate the average mineral dissolution flux 
at Q2 (Fmin2 in Eq.3.2).  
     
     
 
     
     
    Eq.3.2 
This allowed us to evaluate the influence of a 
water flux increase by a factor 2.5 on the Si 
flux.  
3.2.5 DISSOLUTION RATES 
Classically, dissolution rates are normalized 
against total reactive surface area measured 
with the BET method (Brunauer et al. 1938) 
for a specific pure mineral. Unfortunately, for 
smectite holding soils like the Belgian loess 
(Van Ranst et al. 1982), the measurement of 
reactive surface area using BET analysis does 
not estimate correctly the edge surface, where 
dissolution processes are dominant (Zysset 
and Schindler 1996; Brantley and Mellott 
2000).  
Instead, we calculated the dissolution rate (r, 
mol kg
-1 
s
-1
) as the difference in DSi (mol  l
-1
) 
between the influent ([Si]in) and the effluent 
([Si]out)  normalized against the mass of the 
sample (m, kg) (Eq.3.3).  
  
                 
 
  Eq.3.3 
The variation of dissolution rate over time was 
calculated for the low flux (Q1, q in m
3
 s
-1
). The 
r-values were used to identify the horizon with 
the most important Si release rates, including 
both mineral weathering and dissolution of the 
AlkExSi phases. Typically, r-values declined 
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more or less exponentially with time which we 
attributed to the combined rapid release of 
AlkExSi and the slower more constant release 
of Si through mineral dissolution. To identify 
the columns with a rapid release of AlkExSi 
(thus a clear decline in r-values), we 
compared the dissolution rates calculated for 
the first and the last samples taken during the 
experiment at flux Q1 for each column. 
The dissolution rate depends simultaneously 
on pH, concentrations of Al, base cations and 
amounts of different types of Si pools present 
in the soil. Therefore, dissolution rates could 
also be calculated as:  
   
    
        
   Eq.3.4 
We simplified the approach of Sverdrup and 
Warfvinge (1988), which also took into 
account CO2 and organic ligands which were 
not measured in our experiments. The 
constant k was a dissolution constant of all 
soil particles.  
                     Eq.3.5 
kMSi and kAlkExSi are the dissolution constants 
for respectively slowly reacting silicate 
minerals and AlkExSi, while α and β are their 
respective proportions. We needed to extract 
the individual effect of pH and BC 
concentrations, but also their combined effect. 
Hence, we transformed Eq.3.4 and obtained 
k-values representing the reactivity constant 
without the effect of a specific parameter (Eq. 
3.6 to 3.8).  
 
    
    
      Eq.3.6 
           Eq.3.7 
 
        
    
     Eq.3.8 
For example, k1 represented the reactivity of 
soils A and B without the influence of pH and 
Al (Eq.3.6). The same reasoning was used to 
eliminate the effect of BC in Eq.3.7. The 
combined effect of pH and BC, gave us the 
dissolution constant (k) of the soil particles 
(Eq.3.8).  
The resulting values were easily interpreted. A 
comparison between the obtained k1-values 
for soils with different r-values would show us 
to what extent the pH was the driving 
parameter. A difference in original Si release 
rates (rI ≠ rII) would disappear after an 
elimination of a parameter (k1I≈k1II) if this 
parameter controlled the observed differences 
in release rates. We looked for differences 
between land uses and therefore the question 
was if a difference in Si release (r) between 
two land uses was still apparent once the 
effect of a parameter was eliminated.  
3.3 RESULTS  
3.3.1 SI RELEASE FROM A AND B HORIZONS 
Table 3.2 gives all element concentrations in 
ppm and pH measured in all leachates. 
Leached normalized Si concentrations (Sinorm) 
at flux Q1 were plotted against cumulative PV 
leached through the columns to allow 
comparison between the different soils (Figure 
3.1). No significant differences in absolute 
values were observed between the replicate 
columns. We identified two types of curves. 
One type had typically high DSi 
concentrations at the start followed by a rapid 
decrease until an inflection point was reached, 
whereafter the further decline of the DSi 
concentration was very slow and occurred at a 
constant rate. In the second curve type, DSi 
concentrations decreased continuously at a 
low rate from start till end. 
All A horizon samples with the exception of 
the arable land in Belgium showed a decline 
of the first type. The inflection point equaled 
about 1.5 PVcum, except for one replicate of 
the Swedish forested soil where the inflection 
point occurred before 1 PV. The reason for 
this difference is unclear. All B horizon 
samples showed a gradual decline of the DSi 
release rate.  
For a given site and land use type, the amount 
of Si released (Figure 3.1) from the A horizons 
(0.0005-0.0362 mg.g
-1
) exceeded Si loss from 
B horizons (0.0006-0.0035 mg.g
-1
) (t(141) = 
9.49, p<0.05). If we compared land use types, 
forest sites typically released far more Si 
(0.0019 – 0.0188 mg.g
-1 
in Belgium, 0.0050 – 
0.0362 mg.g
-1 
in Sweden) than arable land  
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(0.0005-0.0015 mg.g
-1 
in Belgium, 0.0013 – 
0.0096 mg.g
-1 
in Sweden) (t(146)=23.59, 
p<0.05). In other words, Af released the 
highest Sinorm. Finally, although patterns in Si 
release were generally identical for the same 
land use, the Swedish soils produced 
significantly higher Si concentrations than the 
Belgian soils (t(145)=19.65,p<0.05).  
 
 
 
 
TABLE 3.2: Minimum and maximum values of pH and element concentrations measured in the effluents of all columns. 
Horizon pH Si  Al  Ca Fe K Mg Na 
    ppm ppm ppm ppm ppm ppm ppm 
fBE 
        
A 3.47-4.05 3.64-47.92 3.08-17.23 2.75-93.18 2.80-8.84 2.77-22.77 0.62-25.38 1.20-60.25 
B 4.09-4.97 4.35-11.92 0.003-0.38 1.05-115.62 0.00- 0.18 1.08-11.99 0.15-15.36 1.93-42.80 
         
cBe 
        
A 5.91-6.89 1.76-4.23 0.001-0.65 19.10 – 435.0 0.01-0.42 26.58-125.95 1.76-40.75 3.81-79.53 
B 6.08-6.80 1.81-2.58 0.004-0.09 3.73-133.73 0.00-0.083 0.58-5.90 0.36-13.16 3.50-27.36 
         
fSW 
        
A 3.18-3.64 6.50-67.87 6.15-86.67 2.28-106.95 4.15-24.08 6.88-70.42 0.74-74.17 1.80-84.77 
B 3.69-3.89 6.68-14.62 0.96-6.50 2.24-24.09 0.05-0.20 2.10-11.46 0.67-21.41 0.95-74.47 
         
cSW 
        
A 4.87-5.86 2.94-18.08 0.86-5.66 1.32-179.70 0.38-1.32 1.96-30.67 0.15-40.36 0.94-31.87 
B 5.17-5.36 3.53-10.36 0.31-0.79 3.36-39.80 0.01-0.05 0.44-1.51 0.38-4.18 0.92-7.99 
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FIGURE 3. 1: NORMALIZED SI CONCENTRATIONS (EQ.3.1) 
MEASURED IN THE EFFLUENTS OF THE TOPSOILS (DOTS) AND 
DEEP SOILS (TRIANGLES) FOR THE FOREST (BLACK) AND 
ARABLE LAND (WHITE) PLOTTED AGAINST PORE VOLUME. 
NOTE THAT THE SCALE OF THE Y-AXIS DIFFERS FOR THE TWO 
SITES. 
3.3.2 EQUILIBRIUM DISSOLUTION FLUX  
Under forest, the DSi concentrations were 
statistically significantly lower when the flux 
was doubled, except for the BfBe horizon 
(Figure 3.2). Consequently the Si flux ratios 
(Table 3.3, Eq.3.2) in forests were lower (1.36-
2.10) than 2.5 (factor of water flux increase), 
especially for the Af horizon (1.36). In 
contrast, DSi concentrations did not show a 
significant decrease for the cropland sites and 
flux ratios were closer 2.5, especially in cBe 
samples where DSi concentrations appeared 
to be near-independent of the water flux and 
ratios equal the increase factor of water flux. 
 
 
 
 
 
 
 
 
TABLE 3.3: AVERAGE SI FLUX (µMOL/D) AND SI FLUX RATIO (EQ.3.2) FOR BOTH HORIZONS OF FOREST AND ARABLE LAND USES AND IN 
ALL SITES. 
Horizon FSi1 FSi2 FSi2/FSi1 Horizon FSi1 FSi2 FSi2/FSi1 
    
 
   Afbe 7.41 10.07 1.36 Acbe 2.90 7.15 2.47 
Afsw 15.22 20.74 1.36 Acsw 3.62 7.05 1.94 
Bfbe 6.36 11.68 1.84 Bcbe 1.53 3.72 2.43 
 Bfsw 8.45 17.72 2.10  Bcsw 4.67 9.26 1.98 
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FIGURE 3. 2: BOXPLOTS OF THE SI CONCENTRATIONS (PPM) MEASURED AT TWO FLUXES (Q1: 0.8 ± 0.2 CM D
-1; Q2: 2 ± 0.28 CM D
-1) FOR 
THE BELGIAN (BE) AND SWEDISH (SW) A (BSI) AS WELL AS B HORIZONS (PSI). NOTE THAT THE SCALE OF THE Y-AXIS DIFFERS FOR 
FOREST AND CROPLAND. 
3.3.3 RELATION BETWEEN PH AND SI 
In general, the Si normalized concentration 
(Sinorm) increased with increasing acidity in the 
effluents (Figure 3.3). However, the increase 
in Sinorm was much stronger for pH conditions 
lower than 4.  
 
FIGURE 3.3: : NORMALIZED SI CONCENTRATIONS VERSUS PH 
OF THE EFFLUENTS FOR Af (DARK DOTS), Bf (DARK 
TRIANGLES) AS WELL AS FOR Ac (LIGHT DOTS) AND Bc (LIGHT 
TRIANGLES) IN THE BELGIAN (GREY SCALE) AND SWEDISH 
(BLACK- WHITE) SITES. 
3.3.4 SI DISSOLUTION RATES 
Figure 3.4 shows the logarithmic values of 
dissolution rates (r in mol g
-1
s
-1
, Eq.3.3), the 
k1-values (Eq.3.6), the k2-values (Eq.3.7) and 
the apparent dissolution constant (k, Eq.3.8) 
calculated for the beginning (i) and the end of 
the leaching tests (f).  
The dissolution rates r were higher under 
forest cover than under arable land. The k1-
values represented the dissolution rate 
independent of pH and were similar for both 
land uses but higher for the A (dots in Figure 
3.4) than for B horizons for all sites (triangles 
in Figure 3.4). The highest k1-values were 
recorded for the Af horizon while the Bf 
horizon had the lowest values. During the 
experiment the k1-value decreased, except for 
Acbe.  
If we only took into account the BC (k2), the 
calculated constants were orders of 
magnitude lower than the dissolution rate. k2-
values were higher for forests than for 
croplands (i.e. they were also dependent on 
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land use) as it was the case for the dissolution 
rates (r). The k2-values also declined during 
the experiment (Figure 3.4). 
The k-values, which should approximate the 
true dissolution constant after correction for 
pH and BC, were of the same order of 
magnitude than k2-values. However, as is the 
case for k1, the land use differentiation noticed 
for r-values disappeared and A horizons 
showed higher apparent dissolution constants 
(k) than B horizons. The differentiation 
between both horizons was more pronounced 
(ca 1-2 orders of magnitude) for k-values in 
comparison to k2-values. k-values also 
declined with time for all samples. For the A 
horizon the values decreased 2 orders of 
magnitude except for cBe for which the 
decrease was less important.  
 
FIGURE 3.4: COMPARISON BETWEEN LOGARITHMIC VALUES 
OF R (EQ.3.3), K1 (EQ.3.6), K2 (EQ.3.7) AND K (EQ.3.8) FOR ALL 
SOIL HORIZONS AT THE BEGINNING (I) AND END (F) OF THE 
EXPERIMENT. ABOVE: BELGIAN SOILS; BELOW: SWEDISH 
SOILS. FOREST: GREY; ARABLE LAND: WHITE. A HORIZONS: 
DOTS; B HORIZONS: TRIANGLES. 
3.4 DISCUSSION 
Our experiments not only allowed to quantify 
DSi flux but also to investigate the effect of 
water chemistry and transport parameter on 
DSi fluxes. The experimental data did show 
important differences in DSi release rates 
between sites, soil horizons and over time. 
Here, we attempt to construct a conceptual 
model explaining these tendencies. This 
model aims to explain the following 
observations: 
- DSi release from Af samples was 
strongly time dependent and 
decreased rapidly with time. This was 
not the case for Bf samples nor for 
arable land soils, with the exception of 
the Acsw horizon. 
 
- DSi dissolution rates were much 
larger from forest soils in comparison 
to arable land soils and were 
generally higher for A horizons in 
comparison to B horizons.  
 
- Doubling the water flux affected DSi 
concentrations differently for forest 
soils in comparison to arable land 
soils. 
 
- More DSi was released from the 
Swedish soils in comparison to the 
Belgian soils. 
We will discuss the mechanisms explaining 
these observations below.  
3.4.1 TIME DEPENDENCY OF DSI 
CONCENTRATIONS 
Before the start of the leaching test, water 
added to the columns, to bring the columns at 
field capacity, equilibrated with the soil 
components: in the A horizons (except in 
Acbe) the initial concentration was high 
(>0.010 mg.g
-1
 Sinorm in Figure 3.1). During the 
first flush, Si concentrations decreased, as the 
fresh rainwater entering the column at a 
certain flux did not have the time to reach the 
equilibrium concentrations observed at the 
start of the experiment. Exponential decreases 
in DSi concentrations over time (Figure 3.1) 
are observed for columns with the largest BSi 
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amounts (>3 mg.g
-1
), i.e. all A horizons except 
Acbe. The rapid initial decrease in Si 
concentrations observed in the A horizons can 
be due to dissolution of fine grained particles 
and/or very reactive particles or desorption 
processes (Evans and Banwart 2006) and is 
described by parabolic kinetics (Brantley et al. 
2008). Si desorption processes are less likely 
to occur as Si should desorb from Fe and Al-
(hydr)oxides (McKeague and Cline 1963), 
which are generally not present in large 
amounts in the A horizon of Luvisols (FAO, 
2001), i.e. the Belgian soils. As an important 
decrease in k-values is observed between the 
start and the end of the experiment, we 
suggest the source of Si shifted from a highly 
reactive source at the start of the experiment 
to a less reactive source during the leaching 
test. This reactive source is most likely the BSi 
that is present in all soils and which shows an 
exponential decrease since similar to the 
curves obtained in phytolith (BSi) dissolution 
experiments (Fraysse et al. 2009). Mass-
normalized dissolution rates of phytoliths are 
similar for different plant species (Fraysse et 
al. 2009). Hence, the much lower initial Si 
release for arable topsoil compared to forest 
topsoil can be attributed to the fact that forests 
store up to double amounts of BSi (Figure 
3.5), which confirmed the findings of Clymans 
et al. (2011). The high Si release in Af soils is 
also in agreement with results from other 
studies in temperate forests (Farmer 2005; 
Gérard et al. 2008; Sommer et al. 2013). 
Differences in BSi storage also explain why an 
exponential decline was clearly observed for 
Acsw samples and not for Acbe samples. 
Besides the lower BSi content of the Acbe 
samples, the low initial concentrations 
observed for these samples may also be 
explained by the fact that it is likely that, over 
a time of centuries, the most soluble BSi 
fraction has indeed been removed from these 
intensively cultivated soils. As agriculture in 
Sweden is less intensive with frequent ley 
periods, the BSi pool is periodically partially 
replenished with highly reactive BSi, which 
responds rapidly to leaching (Figure 3.5).  
 
FIGURE 3.5: AVERAGE INITIAL (LEFT AXES – GREEN SYMBOLS) 
AND FINAL (RIGHT AXES – BLACK AND WHITE SYMBOLS) 
SINORM (MG.G
-1) PLOTTED VERSUS BSI (MG.G-1 – ABOVE) AND 
PSI (MG.G-1 - BELOW) FOR ALL HORIZONS. 
The slow decline in Si concentrations 
measured at the end of the experiment for A 
horizons is comparable with the Si release 
from the B horizons. Despite the presence of 
PSi detected by CaCl2 extraction (Clymans et 
al. 2011) and the fact that PSi shows a higher 
reactivity than BSi in a 0.5M NaOH solution 
(Barao et al. 2014) in the B horizons, Si 
release curves for the B horizons do not show 
a rapid decline suggesting the dissolution of a 
highly reactive fraction. Even more 
importantly, the initial and the final Sinorm do 
not correlate with PSi concentrations in the 
soil samples (Figure 3.5). In natural pH 
conditions, the reactivity of this pool is thus 
lower than the reactivity of BSi. The low k-
values and small difference in k-values over 
time for each B horizon suggest that Si 
released in B horizons are controlled by slow 
dissolution processes near equilibrium, i.e. 
mineral dissolution. The final dissolution rates 
that we observe are indeed similar to those 
observed in mineral dissolution experiment 
and field measurements (Figure 3.6) (Fraysse 
et al. 2009). Given the fact that observed k-
values are similar, it is reasonable to assume 
CHAPTER 3 
38 
 
that mineral dissolution is also the main 
contributor to Si release towards the end of 
the experiment for the Asw horizon and for the 
whole duration of the experiment for the Acbe 
horizon.  
As suggested by Farmer et al. (2005), we 
showed here that soil pore water from A 
horizons is controlled by BSi dissolution 
combined with mineral dissolution (Eq.3.5). 
Correspondingly initial r-values were higher 
than final r-values but they still plotted in the 
range of mineral dissolution rates and did not 
reach phytolith dissolution rates (Figure 3.6). 
This is normal, as natural soils contain 
relatively low amounts of BSi (<10 mg.g
-1
). 
Moreover, since Figure 3.6 is based on field 
observations, rates normalized to BET or 
reactive surface area, uncertainties with 
regard to the surface specific areas could 
exaggerate the difference between phytoliths 
and rock-forming minerals (factor 100 to 
10000). True field reactivities could therefore 
for example be less than 100 times higher for 
phytoliths than for minerals (Fraysse et al. 
2009).  
 
FIGURE 3.6: COMPARISON OF INITIAL (GREEN SYMBOLS) AND FINAL (BLACK AND WHITE SYMBOLS) DISSOLUTION RATES (MOL SI G-1D-
1) FOR ALL HORIZONS WITH DISSOLUTION RATES OF SOIL CLAY MINERALS (LIGHT GREY - KÖHLER ET AL.; 2003; 2005; GOLUBEV ET AL.; 
2006), PRIMARY MAFIC SILICATES (DOTTED AND FULL BLACK LINES - GOLUBEV ET AL., 2005), FELDSPARS (DARK GREY ZONE - 
GODDERIS ET AL., 2006) AND PHYTOLITHS (GREEN ZONE - FRAYSSE ET AL., 2009) PLOTTED VERSUS PH. MASS NORMALIZED 
DISSOLUTION RATES WERE RECALCULATED FOR PRIMARY MINERALS ASSUMING SPECIFIC SURFACE AREA OF 0.100M2/G FOR 100–200 
ΜM SIZE FRACTION AND WITH 80-100M2/G FOR CLAYS (AFTER FRAYSSE ET AL.; 2009). 
3.4.2 DIFFERENCES IN DSI DISSOLUTION 
RATES 
The presence of BSi is an important factor in 
explaining the high Si release from A horizons 
under forest (and to a lesser extent from the A 
horizon of low-intensity agricultural sites). 
Nevertheless, the presence of a large BSi pool 
cannot be the only explanatory factor for the 
higher Si release under forest. Firstly, the 
differences in Si releases were much larger 
than the differences in BSi pools, while the 
BSi pools were about two times lower in A 
horizons under cropland in comparison to A 
horizons under forest, the normalised initial 
concentrations (Sinorm) were initially at least 
three times lower under cropland (about three 
for Acsw compared to Afsw, about ten for Acbe 
compared to Afbe). Secondly, in comparison to 
cropland samples, r-values were not only 
higher for forest A horizon samples but also 
for forest B horizon samples, although no BSi 
was detected in the B horizon samples. As A 
horizons and the forests were also 
characterized by low pH values and high soil 
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organic carbon contents (Table 3.1), one of 
these two last factors (or a combination of 
them) could explain the higher dissolution 
rates in forest soils.  
We observed strongly increased normalized Si 
concentrations at pH<4 (Figure 3.3), these 
acid conditions were typical for the forest soil 
samples (Table 3.1). Furthermore, the land 
use effect was eliminated when soil acidity 
was corrected for by calculating k1 (Figure 
3.4). Both observations suggest that 
dissolution rates of both BSi (ri) and minerals 
(rf) were dependent on soil pH resulting in 
decreasing Si flux (FSi) along the land use 
gradient, from forest to cropland. Other 
studies already showed enhanced mineral 
weathering and Si release in environments at 
pH 4-5 in presence of vegetation and 
explained this as the result of the organic 
acids produced by vegetation (Drever 1994; 
Cochran and Berner 1996). Although no 
vegetation was present on our columns, the 
decomposition of the organic matter present in 
the forest soils still may have released organic 
acids, enhancing Si release. Further 
acidification may result from the CO2 released 
by microbial soil life decomposing organic 
matter. The negative relationship between pH 
and mineral Si solubility is also evident from 
the results presented in Fig. 3.7, although 
Bartoli and Wilding (1980) did not find higher 
dissolution rates for BSi under acidic 
conditions.    
The strong correlation between organic matter 
content and pH (Table 3.1) made it impossible 
to  separately identify the other effects that the 
presence of organic matter may have on Si 
solubility (apart from its effect on pH). 
To summarize, Si release is the highest when 
high BSi amounts are present in acid soils 
(Af). Acsw releases Si from BSi in contrast to 
Acbe where BSi is present in low amounts but 
does not dissolve. Bf horizons release more 
DSi compared to croplands, as pH drives 
mineral dissolution. The lowest DSi releases 
were measured in Bc. Nevertheless, the Acbe 
horizon releases slightly more Si than the Bcbe 
horizon. Releases of K, Na, Ca are also higher 
in this horizon (Table 3.2). Especially K 
concentrations are high, which suggests this 
element was adsorbed in the soil after 
application of fertilizers. 
3.4.3 EQUILIBRIUM VS. RATE CONTROL 
Another difference in mineral Si release is 
observed when the flux changes. Si export is 
in equilibrium for Belgian cropland samples, 
as Si concentration did not change with flux 
variation, but is clearly rate controlled in the 
acidic Swedish forest samples. For other 
samples, the situation is intermediate. We do 
not fully understand the reasons for this 
variation. One might hypothesize that the 
difference in response to a flux increase of the 
different DSi sources explains the different 
behavior. Indeed, the observed flux ratio is 
generally high for samples with a low BSi 
content, suggesting that solution of mineral Si 
is in equilibrium, while the dissolution of BSi is, 
at least partly rate-controlled (Figure 3.7). 
Alternatively, the effect of pH may be 
important, whereby Si solution is in equilibrium 
at high pH values and this equilibrium is not 
achieved at lower pH values (Figure 3.7).  
 
FIGURE 3.7: CORRELATION BETWEEN THE FLUX RATIO AND 
BSI AMOUNT (ABOVE) AND THE AVERAGE PH (BELOW) OF ALL 
SOIL HORIZONS. A HIGH FLUX RATIO IS OBSERVED WHEN THE 
SYSTEM IS NEAR EQUILIBRIUM. 
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3.4.4 TURNOVER RATES 
To determine the turnover rates of the BSi 
phase, we separated BSi and MSi 
contributions to Si leaching by assuming that 
the stable final part of the concentration curve 
of horizons where BSi was present was only 
influenced by mineral Si release. We linearly 
extrapolated (Figures 3.8, 3.9) the 
concentrations from the stable part of the A 
horizon to the start of the experiment. The 
corresponding Si amount was subtracted from 
the total amount of Si released to obtain the 
amount Si coming from BSi (grey zone in 
Figures 3.8, 3.9). Assuming a constant flux in 
soil (here 0.8 cm/d), turnover rates (T) could 
then be calculated with the Si amount coming 
from the BSi phase (grey surface area in 
Figures 3.8, 3.9) divided by the duration of the 
peak (t in days). 
   
          
           
 
           
 
 
 
  Eq.3.9 
Where [BSi] was the concentration of BSi in 
soil (mg g
-1
), mcol was the mass of dried soil in 
the column (g), C(V) the concentration in 
function of the volume for the total curve and 
the mineral contribution. For fbe the turnover 
rates were on average 11 ±4.2 yr, while for the 
fsw soils turnover rates were 13.3 ± 12.2 yr. 
The important standard deviation was due to 
the more rapid decrease in Si concentrations 
in one of two columns (Figure 3.8). In csw, 
turnover rates were 38.1 ± 6.8 yr, suggesting 
that the BSi present in these samples was 
less soluble in comparison to the BSi present 
in the forest soils (Figure 3.9). As already 
mentioned, no effect of BSi on Si release 
could be detected for the cbe samples, despite 
the presence of significant BSi amounts. 
 
FIGURE 3. 8: CONCENTRATIONS OF SI (MG L-1) RELEASED 
FROM THE BELGIAN (ABOVE) AND SWEDISH (BELOW) AF 
SOILS AGAINST THE LEACHED WATER VOLUME (ML). THE 
GREY ZONES CORRESPOND TO THE SI AMOUNT RELEASED BY 
BSI PRESENT IN THE A HORIZONS. EACH SHADE OF GREY 
CORRESPONDS TO ONE SOIL COLUMN (OR ITS REPLICATE).  
 
FIGURE 3.9: SI CONCENTRATIONS (PPM) IN THE AcSW VERSUS 
THE LEACHED WATER VOLUME (ML) WITH SI AMOUNT 
RELEASED BY BSI PRESENT IN THE A HORIZONS (GREY ZONE). 
In the literature a wide range of turnover times 
for BSi is reported. Turnover times of 
phytoliths were estimated between 0.5 and 3 
yr in soil solutions at pH 4 to 5 (Fraysse et al. 
2009), between 6 and 18 months for phytoliths 
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in the litter of tropical forests (Alexandre et al. 
1994), 0.5 to 2.4 yr in plants, 2 to 10 yr in litter 
and 1 to 300 yr in soils (Bartoli and Souchier 
1978). Blecker et al. (2006) estimated turnover 
times between 1300 and 250 yr for phytoliths 
in grassland soils. Our estimations fit in the 
ranges calculated by Bartoli and Souchier 
(1978) for soils but we should be aware of the 
fact that our values were calculated from 
column experiments where dissolution 
processes are accelerated compared to field 
rates (White and Brantley 2003). 
Consequently, we would expect turnover rates 
to be smaller in the field. However the relative 
differences between the turnover times under 
cropland and forest indicate that the BSi 
present in csw may indeed partly be the 
product of the selective dissolution of the most 
soluble BSi fraction under arable land use. 
This process may have progressed further on 
the intensively farmed Belgian cropland, so 
that only a relatively insoluble BSi fraction 
remains.   
3.4.5 SYNTHESIS 
Considering all our experimental observations, 
two factors appear to be the main controls on 
Si release from the forest samples we studied. 
First, the presence of a significant BSi pool will 
generally lead to the rapid release of 
significant amounts of DSi as BSi. This 
suggests that at least part of the BSi present 
in forest A horizons is highly soluble and may 
be released as DSi when land use is changed. 
However, the quality of BSi may be important, 
i.e. the presence of BSi did not lead to an 
increased Si release from Acbe samples, which 
may be due to the fact that the BSi in this soil 
is a residual, less soluble, BSi pool. The Acsw 
samples showed a response that was 
intermediate between the forest soils and the 
Acbe samples. The Swedish cropland is less 
intensively used and extensive ley periods 
may allow to replenish the BSi pool with 
relatively fresh BSi, although not to the same 
extent as under forest. The presence of PSi, 
on the other hand does not seem to affect Si 
release as the lowest DSi releases were 
measured in Bc samples containing significant 
amounts of PSi. Our findings suggest that the 
solubility of PSi is of the same order as that of 
MSi.  
However, the presence of BSi is not the only 
factor controlling Si release from soils, the 
acidic conditions that prevail in forest soils 
enhance dissolution of both BSi and MSi. Si 
release was the highest when high BSi 
amounts were present in acid soils (Af) but Bf 
samples that did not contain BSi also released 
more DSi than Bc samples, this means that 
the lower pH of the Bf samples enhances 
mineral and possibly also BSi dissolution. 
Indeed, even if the BSi content of the fsw 
samples was higher than that of the fbe 
samples, this difference in BSi pool was less 
important than the difference in Si release.  
Our findings now allow to refine and 
complement the model proposed by Struyf et 
al. (2010) (Figure 3.10). Under forest, large 
amounts of BSi are produced each year and 
returned to the soil. In equilibrium conditions, 
the amount of BSi dissolved will be equal to 
the amount of BSi added in the topsoil. When 
the land is cleared for agriculture, the BSi 
supply to the soil will diminish. Dissolution of 
BSi in the soil will accelerate with the 
increased downward water flux caused by the 
reduction in evapotranspiration. However, this 
increase may be compensated by the gradual 
increase of the soil‘s pH. In any case, the 
soil‘s BSi pool will decline to a level that will 
depend on the amount of BSi that is returned 
to the soil. The latter is likely to be higher 
under low-intensity agriculture including ley 
periods than under intensive agriculture. 
Under the latter system, only a small BSi pool 
that is resistant to dissolution may finally 
remain. Our data do not only confirm that the 
conceptual model proposed by Struyf et al. 
(2010) is sound, but also allow to make a 
provisional estimate of the timescale over 
which the BSi pool in the soil will respond to 
land use changes. Turnover times for BSi are 
in the order of decennia to centuries. Hence, it 
may be expected that soil systems adapt to 
new land use conditions over similar 
timescales confirming the findings of Clymans 
et al. (2011). 
Our experiments do not allow to fully describe 
DSi dynamics in the soils that we studied. The 
sources and sinks of DSi in soils can differ 
depending on the pedological conditions 
(Cornelis et al. 2014a). Therefore it is not clear 
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if Si releases from the B horizon would be 
lower under natural conditions where, in 
contrast to our experiment, rain water would 
have leached the A horizon before it reaches 
the B horizon. In our experiments, the Si-poor 
rain water probably enhanced dissolution 
while in natural conditions DSi in water coming 
from the A into the B horizon is likely to 
contain significant amounts of DSi which may 
precipitate in the B horizon due to less acidic 
conditions. The precipitation of PSi in deeper 
horizons has indeed been observed in 
different settings (Kendrick and Graham 2004; 
Saccone et al. 2008). The exported Si 
concentrations from the B horizon would in 
that case be controlled by saturation indexes 
of secondary minerals and/or the Si sorption 
capacity of the soil. 
 
FIGURE 3.10: AVERAGE SI FLUX (µMOL/D) AT THE START OF THE EXPERIMENT (FBSI, GREEN CURVE) AND AVERAGE MINERAL FLUX (FMIN, 
BLACK CURVE) CALCULATED AT Q1 FOR FOREST (LEFT), AGRICULTURAL (LOW INTENSITY: MIDDLE – INTENSIVE: RIGHT) LAND USES 
PLOTTED AGAINST THE SOIL PH FOR THE A (TOP PANEL) AND B (BOTTOM PANEL) HORIZONS. THE WATER PASSING THROUGH THE A 
AND B HORIZONS (DASHED BLUE ARROW) COULD DISSOLVE MINERAL (SQUARE), BIOGENIC (OVAL) AND/OR PEDOGENIC SI 
(IRREGULAR SHAPE). THE SI SOURCES OF DISSOLVED SI WERE DRAWN IN BLACK. THE FORMATION OF PSI WAS INDICATED WITH A 
DOTTED ARROW. 
After deforestation, the depleted pools of easy 
soluble Si would deliver less Si to the soil 
water in the A horizon. Consequently, the pore 
water entering the B horizon would be less 
enriched in Si. Acid solution would enhance 
desorption processes (Sauer et al. 2006) and 
the Si export would in that case be controlled 
by the PSi pool. This may have happened in 
the Swedish cropland where we observed a 
much smaller PSi pool in forest in comparison 
to cropland. However, such depletion of PSi 
was not observed for the Belgian soils and it is 
clear that more data are necessary to fully 
understand the behavior of Psi after a land 
use change.  
3.5 CONCLUSIONS 
Our experiments confirmed the most important 
hypotheses of the conceptual Si model 
proposed by Struyf et al. (2010) to understand 
the effect of land use change on Si 
mobilization. Our experiments indeed show 
that the A horizon of forest soils do contain a 
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large pool of highly soluble BSi, which may be 
released after land use change. The rate of 
release is, however, not only controlled by the 
magnitude of the BSi pool, but it also strongly 
affected by soil pH. It follows from this that the 
release of Si from areas which are converted 
from forest to arable land is likely to be very 
important immediately after conversion when 
the soil is still acid. Our results also highlight 
the importance of flux conditions. The 
response will depend on changes in soil 
hydrology, Si release may be further 
enhanced by an increase of soil drainage due 
to land use change. Turnover times for the BSi 
pools are relatively short which implies that 
the soil‘s BSi pool will respond to land use 
changes over a decennial to centennial time 
scale. The response of PSi to land use 
changes is less clear and more research is 
necessary to understand the response of the 
PSi pool. We did not find a significant effect of 
the presence of PSi on DSi concentrations in 
the column leachates, suggesting that its 
response to land use change may be much 
slower and or much less important than that of 
BSi.  
Our experiments confirm that terrestrial land 
use changes can have profound effects on Si 
cycling and Si release. However, more data 
from different environments are necessary, 
before a precise estimate of the global impact 
of land use change on the Si cycle can be 
made.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 44 
 
  
 45 
 
4 Biogeochemical cycling of Si in temperate climates: land 
use impact and implication of clay in the Si cycle 
 
Based on: Ronchi B., Adriaens R., Barão L., Vandevenne F., Van Gaelen N., Verheyen D., Clymans W., 
Batelaan O., Dassargues A., Govers G., Struyf E., Diels J., Biogeochemical cycling of Si in temperate climates: 
land use impact and authigenic clay formation, submitted to Geoderma in July 2014 
4.1 INTRODUCTION
The terrestrial Si cycle is controlled by several 
processes including dissolution, clay 
neoformation, ad/desorption of DSi, plant Si 
uptake precipitated as phytoliths and leaching 
processes, influenced by e.g. pH and 
hydrology (Sommer et al. 2006). Terrestrial 
plants play an important role in the Si cycle. 
Indeed, plants can enhance weathering 
processes (Drever 1994; Lucas 2001), and 
thus the DSi release in natural waters, by 
physical and chemical alteration of the soil. On 
the other hand, they also take up DSi as a 
nutrient (Epstein 1999). The Si taken up 
precipitates in roots and leaves as opal A, Si 
biominerals (phytoliths), which are released in 
soils when organic matter degrades. It has 
been shown that phytoliths are an important 
source of DSi in soil pore water (Alexandre et 
al. 1997; Meunier et al. 1999; Farmer et al. 
2005a; Gérard et al. 2008; Sommer et al. 
2013). The influence of phytoliths on Si 
released from soils has been described as the 
ecosystem silica filter (Struyf and Conley 
2012). 
Generally the dominant species of DSi present 
in natural waters is monosilicic acid or H4SiO4
0
 
(Iler 1979). Other species, like Si polymers, 
are rarely considered in Si cycle studies 
although Si polymers are stable in alkaline 
environments and metastable in neutral to 
acid environments (Dietzel 2000; Wonisch et 
al. 2008). As in acid environments significant 
concentrations of Al
3+
 are present 
(Hernández-Soriano 2012), they can complex 
with H4SiO4
0 
(Doucet et al. 2001a). These 
silicic acid polymers are precursors of 
secondary Al-silicates (Wonisch et al. 2008; 
Oelze et al. 2014). The Si speciation likely 
controls pedogenic processes like clay 
formation. Dissolution and formation of clays 
can occur on short timescales (3 months), 
especially around the roots of vegetation 
(Turpault et al. 2008). They can incorporate 
DSi from phytoliths (Cornelis et al. 2014a) or 
release DSi in organic rich environments 
(Cardinal et al. 2010; Cornelis et al. 2010a). 
Additionally, nutrient translocation by 
vegetation, i.e. mainly K and Si, can 
counteract leaching processes and favorize 
clay formation (Velde and Barré 2009; Cornu 
et al. 2012). Clays can thus also influence the 
Si ecosystem filter.  
As plants enhance weathering rates and 
products (Lucas 2001), land use differences 
controls Si export. Riverine systems draining 
forested catchments export higher Si 
concentrations than catchments covered by 
crops or pastures (Struyf et al. 2010; Carey 
and Fulweiler 2013). Different studies ascribed 
the land use control on Si export to a larger 
BSi pool under forests (Struyf et al. 2010; 
Clymans et al. 2011). These findings are 
reinforced by the fact that agricultural 
activities, i.e. harvesting, drastically reduce the 
potential BSi accumulation in soils 
(Vandevenne et al. 2012; Keller et al. 2012). 
Clay formation is also influenced by land use 
(Velde and Barré 2009). As soil pH is 
dependent on the vegetation cover, it also 
influences the mobility of elements, e.g. Al 
which will likely occupy interlayer sites of 
clays. Consequently, in temperate climates, 
the production of hydroxyl interlayered clays is 
enhanced in forest soils by the higher amount 
of Al in soil solution whereas in prairies K is 
fixed on 2:1 clays, i.e. illite or illite-smectite 
formation (Velde and Barré 2009; Cornu et al. 
2012). Land management also affects the clay 
content; intensive grazing and intensive corn 
culture diminish illite formation/content (Velde 
and Meunier 2008) in contrast to fertilizer 
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(manure or KCl) application, which enhances 
illite formation (Cornu et al. 2012).  
Current knowledge does not allow to properly 
evaluate biogenic and pedogenic processes 
for different land uses. We therefore first 
determine if clay mineralogy differs in three 
study sites along a pedo-climatic stable land 
use gradient. A second purpose of this study 
is to examine if the controls on Si export are 
comparable for different land uses. Therefore, 
mineralogy and soil water composition of three 
study sites with forest, arable and pasture 
cover were analyzed. We hypothesize that 
higher concentrations of Al-Si complexes 
(Wonisch et al. 2008) are present in soil water 
under forest cover, where pH is lower. 
Consequently free Al concentrations are 
higher compared to pasture and arable land. 
Hence, we expect that not only biogenic Si but 
also clay formation controls the Si export in 
forests at short timescales.  
4.2 STUDY AREAS 
Three catchments in Central Belgium with 
contrasting land use (Figure 4.1) were 
selected for this study. Land use in these 
catchments has been unchanged for at least 
250 years. The temperate climate in the study 
areas is characterized by a mean temperature 
of 3.1 °C in January and 17.7 °C in July. 
During the sampling period (2011- 2013), 
mean annual precipitation was 590 mm in the 
forest (Meerdaal, Oud-Heverlee, 
50°48'1.92"N, 4°40'9.18"O), 670 mm in the 
pasture (Blégny, 50°40'22.45‖N, 
5°45'52.20"O) and 820 mm in the cropland 
(Velm, 50°46'3.91"N, 5°7'48.85"O). The 
catchments comprise between 0.33 and 2.93 
km². Topography of the forested and arable 
catchments varies between 50 and 100 m 
above sea level while the topography of the 
pasture catchment varies between 394 and 
420 m above sea level. The deciduous forest 
is characterized by native beech (Fagus 
sylvatica L) and oak (Quercus robur L). In the 
pasture, grasses (Poaceae family) are 
regularly harvested and grazed. In the arable 
land, crop rotation is practiced: the main crops 
are maize (Zea mays), sugar beets (Beta 
vulgaris L.) and wheat (Triticum aestivum L.). 
In the forested catchment, silty loam luvisol 
soils have developed in the loess layer 
(Deckers et al. 2009). The loam layer covers 
the Brussels Formation which consists of 
coarse sand with local thin clay drapes. The 
Brussels Formation contains silicon 
concretions and is locally cemented with 
calcite. Below the Brussels Formation, the 
Kortrijk clay Formation forms an impervious 
layer (Vandenberghe and Gullentops 2001). 
At the outcrop of the Kortrijk Formation, a 
permanent small river drains the deep 
groundwater from the sandy Brussels aquifer 
(Peeters 2014). Agricultural practices were 
prominent in a part of the forest during the 
Bronze age and the Roman period but 
thereafter, the area was under continuous 
forested cover, unlike most parts of Flanders 
(Vanwalleghem et al. 2004).  
In the arable study area, silty loam to silt 
luvisol soils have developed in the loess. The 
loam has a thickness of 4 m (Goossens et al. 
1995) and is underlain by silty sands from the 
Hannut Formation, marls and sands from the 
Heers Formation and Chalk Formation (Claes 
and Gullentops 2001). In this catchment, the 
groundwater table is located very deep 
(>30m) in the Chalk Formation. A temporary 
river fed by overland and subsurface runoff 
drains the catchment after heavy rain events.  
The upper layer of the pasture constitutes of 
silty loam soils (luvisol) that have developed 
on residual clays and cherts that resisted to 
the dissolution of the Mesozoic chalk 
formations. The loam contains some clay rich 
lenses. In this catchment, a permanent river 
flows and several springs are observed along 
the river when water encounters the less 
permeable clay layer. The groundwater table 
is shallow and mimics the topography (Ruthy 
and Dassargues 2008). 
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FIGURE 4.1: LOCATIONS OF THE FOREST (F), CROPLAND (C) AND PASTURE (P) CATCHMENTS IN BELGIUM. RIVERS ARE INDICATED BY A 
THICK LINE, TEMPORARY RIVERS BY A DASHED LINE. THE STAR INDICATES THE LOCATION OF THE 15 SUCTION CUPS.  
4.3 METHODOLOGY 
One soil pit of 1 m depth was dug in each 
catchment near the river to collect soil 
samples in September 2011. In the forest, the 
soil pit was deeper (150 cm depth) to have a 
sample deeper than the root zone. In each 
catchment one sample was taken in the A 
horizon and three samples in the B-horizon at 
several depths. Depths are presented in 
Figure 2. Different horizons were sampled. 
Samples were sieved moist at 2 mm and oven 
dried (60°C). Soil pH was measured in 0.01M 
CaCl2 suspensions at a soil-to-solution ratio of 
1:5. The bulk mineralogy of soil samples was 
analyzed with X-ray powder diffraction (5-65°, 
PW1830 diffractometer) after preparation 
according to Środoń et al. (2001) with Bragg-
Brentano  -2  setup. The sample was mixed 
with zinc oxide, used as internal standard 
(10%). Mineral quantification was performed 
using pattern summation with the QUANTA 
software (©Chevron ETC). Clay minerals 
< 2µm were extracted from the bulk rock by 
centrifugation after removal of cementing 
agents (modified after Jackson 1975). After 
Ca-saturation and subsequent sedimentation 
on a glass slide, the oriented clay slides were 
recorded after glycolation from 2-47° in air-dry 
conditions with the same diffractometer. Clay 
modeling and quantification was performed 
using the SYBILLA software (©Chevron ETC). 
The AlkExSi content was determined with the 
continuous alkaline method (NaOH 0.5 M) and 
referred to as Alkaline Extracted Si (AlkExSi, 
Barao et al. 2014). Walkley and Black (1934) 
titrations were performed to analyse the 
organic carbon content of the soil. The amount 
of amorphous Al and Fe oxides was measured 
by oxalate extraction (McKeague and Day 
1966).  
The catchments were equipped with 15 
suction cups to extract soil water. The suction 
cups were installed along 2 parallel 
topographic transects, in a  draw and a ridge 
located perpendicularly to the river. Along 
each transect, the suction cups were placed at 
CHAPTER 4 
48 
 
three locations (valley-bottom, slope, plateau) 
and at each location at three depths (0.3, 0.6, 
0.9 m). The extraction of soil pore water was 
induced by applying a suction (ca 500hPa) 
one week (forest, cropland) or one month 
(pasture) before sample collection using a 
vacuum pump (Eijkelkamp, Giesbeek, The 
Netherlands). Sampling started in March 2010 
in the forest, January 2011 in pasture and in 
April 2011 in the arable land and continued till 
December 2013. For the forest soil pore 
water, we excluded the suction cups that 
sampled water from the saturated riparian 
zone, e.g. forests (Van Gaelen et al. 2014). 
Soil water content was measured by 9 time 
domain reflectometry (TDR) sensors installed 
along one transect in each land use type, at 
the same locations and depths as the suction 
cups.  
Filtered samples (Chromafil filters, 0.45 µm) 
were analyzed for DSi using the molybdenum 
blue method for the whole sampling period 
(March 2010-December 2013). From January 
2011, concentrations of Ca, Na, Mg, K, S, Al 
and Fe in the water were quantified with ICP-
OES (5 M HNO3; pH=1). The pH was 
measured with a glass electrode. Gaps in the 
data coincide with drought periods, when 
moisture tensions exceeded those imposed by 
the suction cups.  
The total Si released by dissolution processes 
(r mol kg
−1
 s
−1
, Eq 4.1.) is dependent on the 
soil moisture (  , the dissolution rate constant 
(  
    mol m
-2
s
-1
) corrected for base cations 
(Na, K, Ca, Mg) and Al sorbed on its surface, 
the reactive surface (S m
2
 (kg H2O)
−1
), the 
activity of protons in the reacting solution {H+} 
and its experimental exponent (n), the 
Arrhenius constant (Ar), the gas constant (R 
8.32 × 10
−3
 kJ mol
−1
 K
−1
) and the temperature 
(T in K), the rate coefficient of i (ki) and water 
acidification by organic acids (org) and by CO2 
production (also described in Chapter 2).  
     
                
  
    
    
       
          
           
   
           
      
Eq. 
4.1 
 
Assuming that DSi was a good proxy for r (Eq. 
4.1), we calculated correlations between DSi 
and chemical parameters from Eq.4.1: Al, pH, 
Na, K, Ca, Mg, DOC as proxy for [org] and S 
as proxy for [SO4
2-
]. Also the correlations 
between DSi and the soil water content at 
sampling time were calculated. As the data 
were not normally distributed, we used 
spearman‘s rank correlation coefficients. This 
was repeated for each study site to assess the 
controlling dissolution processes in each of 
them.  
Field weathering rates were calculated with 
estimated yearly recharge rates (qh in mm yr
-1
) 
that percolated through the soil (Eq. 4.2, White 
et al. 2012).  
                       (Eq. 4.2) 
The DSi concentrations measured in the soil 
water ([SiSC]) were corrected for the median 
DSi concentration measured in the rain water 
([Sirain] 3 µmol.l
-1
). Average values for the 
groundwater recharge qh were taken from a 
regional grondwatermodel of Flanders (VMM 
2008): 260 mm yr
-1
 for the forest, 220 mm yr
-1
 
in the pasture and 140 mm yr
-1
 in the 
cropland. This regional model calculates 
recharge based on precipitation, potential 
evaporation, wind velocity, temperature, 
topography, groundwater depth, soil texture, 
land use, runoff coefficient with a resolution of 
50 m (Meyus et al. 2004). 
The dissolution rate can also be expressed by 
the simplified approach (Eq.4.3) of Sverdrup 
and Warfvinge (1988), which also took into 
account CO2 and organic ligands, which were 
not measured in our study.  
    
    
        
   Eq.4.3 
This approach allowed to evaluate the relation 
between Al, pH, base cations (BC) and DSi. 
This weathering rate (r1 in mol.m
-2
s
-1
) did not 
take into account the specific surface area, as 
this was difficult to assess for the field data. 
We calculated the dissolution constant (k) (Eq. 
4.4) based on the field weathering rate of 
Eq.4.2 and on Eq.4.3.  
  
        
    
      Eq.4.4 
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The results from the chemical analysis of the 
water solution were also used as input for 
calculations of saturation index of minerals 
and chemical speciation with PhreeqC 
(Appelo and Postma 2005) to understand 
which minerals control water composition. The 
PhreeqC database was combined with the 
solution species database described in Gérard 
et al. (2001).  
4.4 RESULTS  
4.4.1 SOIL  
The pH (Table 4.1) was lowest in the forest 
(median 3.93) and highest in the arable land 
(median 7.29). In the pasture, intermediate pH 
values were measured (median 5.67). Organic 
carbon and amorphous Al-oxides were lowest 
in the arable land. In the forest, organic 
carbon content was highest in the top layer 
and decreased rapidly in the profile. A slight 
decrease with depth was also observed for Al 
oxides. In the pasture, some deeper layers 
had higher organic carbon, amorphous Al and 
Fe contents. No clear differences in AlkExSi 
amounts were noticed between the 
catchments.  
 
TABLE 4.1: SOIL ANALYSES FOR ALL CATCHMENTS. MEDIAN 
VALUES AND MEASURED RANGES ARE PRESENTED FOR THE 
PH AND ORGANIC CARBON CONTENT (OC), AMORPHOUS AL- 
AND FE-OXIDES, THE ALKALINE EXTRACTED SI (ALKEXSI) AS 
WELL AS FOR THE SOIL WATER CONTENT (ϴ) FOR THE 
DIFFERENT SOIL HORIZONS COMBINED. 
 
Forest Pasture Arable 
pH 
3.9 
(3.5-4.2) 
5.7 
(4.9-6.9) 
7.3 
(7.2-7.4) 
OC (%) 
0.61 
(0.44-3.90) 
1.59 
(0.41-7.12) 
1.04 
(0.34-1.41) 
Al2O3 (%) 
0.17 
(0.12-0.23) 
0.14 
(0.10-0.24) 
0.10 
(0.10-0.17) 
Fe2O3 (%) 
0.29 
(0.24-0.43) 
0.25 
(0.04-0.67) 
0.23 
(0.23-0.40) 
AlkExSi 
(mg.g
-1
) 
4 
(3-6) 
8.5 
(2-10) 
5 
(2-8) 
ϴ 
0.31 
(0.12-0.41) 
0.42 
(0.25-0.56) 
0.26 
(0.07-0.48) 
 
Bulk mineralogy was comparable in all 
catchments (Table 4.2). All soils contained 
quartz, K-feldspars, plagioclase, kaolinite, 2:1 
Al-clays (illite, smectite and mixed layers) and 
chlorite. Clay amounts, especially 2:1 Al-clays 
and kaolinite, were higher in the pasture, as 
these soils developed on residual clays in 
contrast to the other soils. Site specific 
minerals were glauconite (0.6-12%), pyrite 
(<0.3%) and goethite (<0.7 %) in forest, 
anhydrite and anatase (<0.5%) in pasture and 
hornblende (<0.5%) and goethite (1%) in 
cropland. The presence of amphiboles 
(hornblende), glauconite and goethite were 
observed in earlier studies on the loess of 
Central Belgium (Van Ranst et al. 1982). 
 
TABLE 4.2: MINERALOGY DETERMINED BY XRD EXPRESSED IN 
RANGES OF WEIGHT PERCENTAGES FOR THE DIFFERENT SOIL 
HORIZONS COMBINED 
 
Forest Pasture Arable 
 
Min Max Min Max Min Max 
Quartz 56 79 56 68 58 67 
K-feldspar 6 7 2 7 6 8 
Plagioclase 4 8 0 7 6 10 
Kaolinite 1 4 2 17 0.5 2 
2:1 Al Clay 8 21 13 23 11 21 
Chlorite 0.2 3 0.1 4 1 4 
Carbonates - - 1.2 3.3 0.4 2 
 
The analysis of the clay fraction (< 2µm) 
revealed also differences among the 
composition of 2:1 Al-clays (illite, smectite and 
mixed layers) (Figure 4.2). While more than 
50% of the clays in the forest and the cropland 
were illites and mixed-layered illite-smectites 
(65:35), they accounted for less than 30% of 
clays in the pasture. Here, up to 40% of the 
clays are smectites and up to 28% are 
composed of hydroxy-interlayered minerals 
(HIM). This difference was due to the different 
substrates on which the soil developed, i.e. a 
loess for forest and arable land and residual 
clays for pasture. 
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FIGURE 4.2: CLAY TYPE DISTRIBUTION IN THE THREE STUDY 
AREAS. PROPORTIONS OF SMECTITE VERSUS VERMICULITE 
ARE INDICATED IN THE GRAPH. PROPORTIONS FOR OTHER 
MIXED LAYERS ARE CONSTANT IN ALL SITES AND THEREFORE 
ONLY GIVEN IN THE LEGEND. HIM: HYDROXYL-INTERLAYERED 
MINERALS. REMARK: MIXED LAYER KAOLINITE MIGHT ALSO 
BE MICROCRYSTALLINE KAOLINITE. 
The ratio smectite to vermiculite was constant 
in the pasture (37:63). In the arable land, 
67:33 smectites were detected until 80 cm 
depth. In the forest, the proportion of 
smectites increased with depth compared to 
the vermiculites. In arable land and forest, the 
deepest samples had comparable smectite to 
vermiculite proportions (59:41). As the 
smectite composition was constant in the 
pasture we could conclude that smectites 
were likely deposited originally and are not 
affected by later soil processes in contrast to 
the forest and the arable land. In the latter 
two, the loess probably had an original 
composition of 59:41, as detected in the 
deepest samples. 
4.4.2 SOIL WATER 
The average pH of the soil water was lowest 
in the forest (4.93±1.06), while it was 
comparable in arable land (6.71±0.40) and 
pasture (6.16±0.79). DSi concentrations 
measured in soil water were not normally 
distributed (Figure 4.3). Therefore we 
preferred to compare median values rather 
than averages. Median Si concentrations were 
slightly higher in the forest (3.34E-4 mol.l
-1
) 
than in the pasture (2.63E-4 mol.l
-1
) or the 
arable land (2.94E-4 mol.l
-1
). We estimated 
the probability density distribution with a non 
parametric method, the Kernel density plot. 
This plot (Figure 4.3) showed the variation in 
DSi concentrations was more important under 
arable land and pasture, where a second peak 
appeared at higher concentrations, compared 
to forest. 
 
FIGURE 4.3: KERNEL DENSITY DISTRIBUTION OF SI 
CONCENTRATIONS (10-4 MOL.L-1) MEASURED IN PORE WATER 
IN THE FOREST (N=97), PASTURE (N=227) AND CROPLAND 
(N=101). 
DSi concentrations did not show a clear trend 
over time but in the pasture and the arable 
area higher Si concentrations were detected 
during summer (Figure 4.4). In the arable 
land, average concentrations in autumn were 
unknown due to the gaps in the database 
(Figure 4.4). Ranges of concentrations of the 
base cations, Al, Fe and S are presented in 
Appendix A. 
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FIGURE 4.4: MONTHLY BOXPLOTS OF SI CONCENTRATIONS (MOL.L-1) OF SOIL WATER WITH MAXIMUM SOLUBILITIES FOR PHYTOLITHS 
(4.00 10-4 MOL.L-1; LINE) AND QUARTZ (2.25 10-4 MOL.L-1; DOTTED LINE) (SOMMER ET AL. 2006). 
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Like for the DSi concentrations, no clear 
difference was observed for the weathering 
rates but median weathering rates were 
highest under forest (median r1 = 0.09) and 
lowest under cropland (median r1 = 0.05). In 
grassland intermediate values were calculated 
(median r1 = 0.06, Figure 4.5). When the 
dissolution constant k was plotted against time 
(Figure 4.5), a decreasing trend appeared 
clearly for the arable land (r=-0.70). In the 
pasture, values slightly decreased but 
correlation was low (r=-0.33). For the forest, 
no trend could be determined (r=0.12). 
 
FIGURE 4.5: TIME EVOLUTION OF LOG R1 (TOP FIGURE - EQ. 2) 
AND LOG K (LOWER FIGURE - EQ. 4) FOR THE CROPLAND 
(YELLOW TRIANGLES), THE PASTURE (LIGHT GREEN SQUARES) 
AND THE FOREST (DARK GREEN DOTS). 
4.4.3 SPEARMAN’S RANK-ORDER 
CORRELATION 
When all data of all sites were taken together, 
all variables except pH were significantly 
correlated with Si (Table 4.3). Only soil 
moisture was negatively correlated with Si. 
The correlation coefficients calculated were 
different for each site separately. Base cations 
and S were significantly correlated with Si 
concentrations in all sites, except K that was 
negatively correlated with Si under forest. In 
the forest, Fe was significantly correlated to 
Si. In the pasture, Al, Fe, DOC and the depth 
of sampling were positively correlated with Si. 
In arable land, DOC and soil moisture were 
correlated with Si, the first one positively, the 
second negatively. 
4.4.4 SPECIATION OF DSI 
In the cropland and pasture, H4SiO4 
represented 96% of the median total DSi 
concentrations while under forest cover it only 
represented 90%. Here, 10% of the DSi 
complexes with Al to form Al(OH)3SiO4
-4
 
(Table 4.4). Its concentration increased with 
acidity in the forest, but in the pasture and 
arable land no trend was observed (Figure 
4.6). The species H3SiO4
-
 as well as H2SiO4
-2
 
were negligible (<0.12%) and the species 
AlH3SiO4
+2
 was absent.  
Dissolved organic components were not taken 
into account in the PHREEQC model. 
However, these moledcules can easily 
complex with Al. therefore, the estimated 
amounts of Al(OH)3SiO4
-4
 can be 
overestimated. 
 
FIGURE 4.6: AL(OH)3SIO4
-4 CONCENTRATIONS CALCULATED BY 
PHREEQC IN THE FOREST SOIL WATER PLOTTED VERSUS PH. 
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TABLE 4.3: SPEARMAN’S RANK-ORDER CORRELATION COEFFICIENTS (Ρ) FOR ALL SITES WITH THE SAMPLE SIZE (N) AND THE 
SIGNIFICANCE (P <0.05*;P<0.01**;P<0.001***). BOLD VALUES ARE NEGATIVELY CORRELATED.ϴ STANDS FOR SOIL WATER CONTENT. 
  FOREST PASTURE ARABLE LAND ALL SITES 
Si vs n ρ n ρ n ρ n ρ 
pH 45 0.06 166 0.08 43 0.14 254 -0.05 
Al 65 0.06 183 0.2** 47 -0.04 295 0.23*** 
ϴ 37 0.1 127 -0.13 60 -0.61*** 224 -0.38*** 
DOC 60 0.22 179 0.24** 71 0.26* 307 0.27*** 
Ca 69 0.4*** 213 0.24*** 74 0.4*** 356 0.11* 
Na 69 0.42*** 213 0.49*** 74 0.26* 356 0.38*** 
Mg 69 0.46*** 213 0.24*** 74 0.23* 356 0.20*** 
K 69 -0.32** 210 0.36*** 74 0.63*** 354 0.21*** 
Fe 69 0.33** 204 0.26*** 63 0.13 336 0.24*** 
S 69 0.49*** 213 0.46*** 74 0.58*** 356 0.47*** 
 
TABLE 4.4: MEDIAN CONCENTRATIONS OF TOTAL DSI AND EACH SPECIES OF DSI CALCULATED BY PHREEQC, PRESENT IN SOIL WATER 
OF THE THREE STUDY SITES (2011 - NOVEMBER 2013). FOR EACH SPECIES, THE UNIT IS DISPLAYED IN THE SECOND COLUMN. 
Species mmol.l
-1
 
F P A 
(n=58) (n=127) (n=28) 
Total DSi 1 0.33 0.25 0.27 
H4SiO4 1 0.29 0.24 0.26 
Al(OH)3SiO4
-4
 10
-2
 3.31 0.17 0.02 
H3SiO4
-
 10
-4
 5.58 10
-3
 0.35 3.86 
H2SiO4
-2
 10
-11
 3.1310
-5
 0.15 7.22 
AlH3SiO4
+2
 1 0 0 0 
 
4.4.5 SATURATION INDEXES 
For all land uses, quartz, chalcedony and opal 
A were near saturation or oversaturated in the 
soil water (Table 4.5). Average saturation 
indexes of those minerals were higher in the 
pasture and cropland compared to the forest. 
In the forest soil water, the clay minerals illite 
and Ca-montmorillonite had higher saturation 
indexes and could be oversaturated (Table 
4.5). These indexes correlate negatively with 
pH and K concentrations and positively with  
Al(OH)3SiO4
-4
 concentrations (Figure 4.7). 
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FIGURE 4.7: SATURATION INDEXES (SI) OF ILLITE (DIAMONDS) AND CA-MONTMORILLONITE (SQUARES) CALCULATED IN PHREEQC FOR 
FOREST SOIL WATER PLOTTED VERSUS SOIL WATER PH (LEFT ABOVE), K CONCENTRATIONS (LEFT BELOW) AND AL(OH)3SIO4
-4 
CONCENTRATIONS (RIGHT) IN SOIL WATER. 
TABLE 4.5: AVERAGE SATURATION INDICES AND STANDARD DEVIATIONS CALCULATED FOR SOIL WATER OF EACH LAND USE. BOLD 
VALUES INDICATE MINERALS WHICH WERE SOMETIMES OVERSATURATED. 
  Forest (n=58) Pasture (n=127) Cropland (n=28) 
                    
Quartz -0.67 ± 1.97 0.50 ± 1.59 0.50 ± 0.24 
Chalcedony -1.15 ± 1.98 0.03 ± 1.59 0.05 ± 0.24 
Opal A -2.04 ± 1.98 -0.86 ± 1.59 -0.80 ± 0.23 
K-feldspar -9.41 ± 5.95 -10.76 ± 3.93 -13.47 ± 1.25 
Illite -9.93 ± 9.86 -20.79 ± 6.99 -27.80 ± 2.69 
Ca-Montmorillonite -6.06 ± 10.38 -18.81 ± 7.81 -26.55 ± 2.82 
Al(OH)3(a) -51.17 ± 5.18 -58.52 ± 3.68 -59.91 ± 1.82 
 
4.5 DISCUSSION 
4.5.1 FOREST 
In forest soils, high DSi concentrations 
(median = 0.34 mM) transported at high fluxes 
(260 mm yr
-1
) resulted in high weathering 
rates for forests (median r1 = 0.09), compared 
to other land uses. The DSi concentrations 
(median = 0.34 mM) exceeded generally the 
maximum solubility of quartz (0.24 mM; 
Sommer et al. 2006) and approached the 
maximum solubility ranges of phytoliths 
(0.002-0.36 mM) throughout the year (Figure 
4.4) (Bartoli and Wilding 1980; Bartoli 1985). 
This suggests that BSi solubility controls DSi 
concentrations (Farmer et al. 2005) during the 
entire year in the top profile of forest. This 
observation confirms the observations for 
other forest soils where DSi concentrations in 
soil pore water ranged between 0.035-
0.178mM (Gérard et al. 2002; Gérard et al. 
2008), and 0.029-0.153mM (Kurtz et al. 2011). 
BIOGEOCHEMICAL CYCLING OF SI IN TEMPERATE CLIMATES 
55 
 
Another possible source of DSi are clay 
minerals, more precisely illite and smectite. 
The dissolution of clays is enhanced by 
organic acids (Sokolova 2013), present in the 
humic rich forest soil. However the role of 
clays could be more complex as their 
saturation indices varied between -35 and 12 
(Figure 4.7). They probably provide DSi by 
dissolution (negative saturation index) but can 
also act as sinks of Si by precipitation (positive 
saturation index). Reprecipitation of clay 
minerals in podzols was demonstrated by light 
isotopic signatures. In those soils, 
reprecipitation toke place in the deeper 
horizons with lower contents of organic acids 
(Cornelis et al. 2014b).  
As obvious from Eq.4.1, a lot of parameters 
influence the Si release. This likely explains 
why none of the variables tested with the 
Spearman correlation analysis had a high 
correlation coefficient. Instead, several 
variables were significantly correlated with low 
coefficients to Si. As weathering is enhanced 
in presence of vegetation with environments at 
pH 4-5 (Drever 1994; Cochran and Berner 
1996), we expected that high DSi 
concentrations under forest would be driven 
by acid conditions. Surprisingly this was not 
the case. However, Si concentrations did 
rarely exceed 0.4 mM and positive saturation 
indices of illite and smectite were calculated in 
acid conditions (Figure 4.7). Those saturation 
indices suggest clay precipitation could bias 
correlations with pH. As S significantly 
correlated ( >0.45) with Si, sulfuric acid-based 
dissolution likely took place. Those acids can 
derive from sulfite oxidation, like pyrite (FeS2) 
oxidation (Spence and Telmer 2005; 
Klaminder et al. 2011) and can enhance 
weathering in groundwater (Klaminder et al. 
2011). However, pyrite is only present in low 
amounts (<0.3%). As the oxidation state of the 
water samples is unknown, S speciation could 
not be calculated and we cannot verify if pyrite 
oxidation took place in the forest. However, 
the significant correlation (  = 0.33) with Fe 
concentrations might suggest it. 
Acid conditions promote the mobility of Al and 
Si dissolution (Eq.1). According to the 
PHREEQC model, 10% of the DSi would 
occur as Al(OH)3SiO4
-4
 in those conditions. 
The occurrence of such Al-Si complexes 
would reduce Al toxicity for plants (Hodson 
and Evans 1995). According to our 
calculations, at Al(OH)3SiO4
-4 
concentrations 
of 10
-5
 - 10
-4
 mol.l
-1
, illite and smectite would 
precipitate (Figure 4.7). However, Al can also 
complex with organic acids (Delhaize and 
Ryan 1995), which were not integrated in our 
PHREEQC simulation, as their nature was 
unknown. Therefore, the amount of 
Al(OH)3SiO4
-4
 is probably overestimated in our 
model. To validate the presence and 
concentrations of this molecule in forest soil 
water, more analysis are needed.  
According to the used database in PHREEQC 
(Figure 4.7), illite would form in this study area 
at pH < 4 and Ca-montmorillonite at pH < 4.5. 
Si precipitated in the clays can result from BSi 
dissolution (Cornelis et al. 2014a) or from 
earlier dissolution of clays and primary 
minerals (Cornelis et al. 2014b). Clay 
precipitation would not only act as a sink for 
reactive Si but also for other elements, as illite 
and smectite formation lower K concentrations 
in the soil water (Figure 4.7). However, a 
negative Spearman correlation was found 
between Si and K. In Michalopoulos and Aller 
(2004), K concentrations also decrease with 
depth in pore water samples while Si 
concentrations build up. The decrease of K 
concentrations is in that case also attributed to 
clay formation while dissolved Si is 
replenished by the dissolution of surrounding 
particles, BSi and/or minerals. As positive 
saturation indices for clays not observed in the 
majority of samples (8 on 53 samples for illite; 
18 on 53 samples for smectite) at specific 
seasons or locations, clay precipitation 
resulted from local geochemical conditions on 
short-time scales. Consequently, variable clay 
proportions, especially for smectite:vermiculite 
mixed layers, were observed through the soil 
profile of the forests (Figure 4.2).  
4.5.2 PASTURE 
DSi concentrations varied throughout the year. 
Concentrations were lower than quartz 
solubility levels (Sommer et al. 2006), e.g. in 
the months of March, suggesting that mineral 
weathering controlled DSi concentrations. At 
other moments throughout the year, 
concentrations approached phytolith 
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solubilities, e.g. April 2011 and April 2012, or 
even exceeded phytolith solubilities during 
summer. For concentrations above 0.4 mM 
(i.e. solubility of phytoliths), other processes 
than only BSi solubility would deliver such 
high DSi concentrations in soil pore water 
(Farmer et al. 2005). Two hypotheses could 
explain this high concentrations: (1) low water 
content in soil (negative Spearman rank order) 
or (2) enhanced dissolution due to fertilizer. In 
the dry season, DSi in the soil water is 
concentrated by evaporation (White et al. 
2012). The lower water content diminishes the 
unsaturated hydraulic conductivity, increasing 
the residence time and consequently the 
contact time between soil particles and water. 
Minimum concentrations were measured at 
the end of the winter in February-March when 
soil water content was high and evaporation 
low. However, the Spearman correlation 
coefficient for soil water content was not 
significant for pasture (Table 4.1). Under 
pasture, K also showed higher average 
concentrations in the period July-September 
(Figure 4.8).  
 
FIGURE 4.8: EVOLUTION OF K CONCENTRATIONS IN SOIL 
WATER OF THE PASTURE 
Like in forests, pH did not correlate with DSi 
concentrations but in this site, pH of the soil 
water exceeded the threshold acidity where 
enhanced weathering was observed (pH 4) 
(Drever 1994; Cochran and Berner 1996). 
However acid promoting dissolution processes 
were correlated with Si concentrations as (1) 
DOC was correlated significantly (  = 0.24) 
and (2) as S was correlated (  = 0.46) with Si. 
A potential source of S in the pasture was 
anhydrite (CaSO4), however the amounts 
detected were very low (<0.5). No saturation 
index could be calculated for this mineral as 
no data was available for SO4
2-
. 
 
4.5.3 ARABLE 
DSi concentrations did only sporadically 
exceed quartz solubility levels (Sommer et al. 
2006). In summer they exceeded phytolith 
solubility suggesting that other processes than 
only BSi solubility can deliver high DSi 
concentrations in soil pore water (Farmer et al. 
2005). However, acid promoting dissolution 
processes were correlated with Si 
concentrations as (1) DOC was correlated 
significantly (  = 0.26) and (2) as S was 
correlated (  = 0.58) with Si. No mineral 
source of S was detected. 
Saturation indices of clays are very low which 
means their dissolution is most likely very 
limited. As no decrease was observed for DSi 
in time (Figure 4.4), the k decrease was due to 
a slight decrease in pH. At the first pH 
measurements for the cropland (18/4/2011) 
pH varied between 7.0 and 7.9 for all samples 
while at the last measurement (15/5/2013) it 
varied between 6.3-6.9. This decrease in pH is 
probably due to the enhanced export of 
alkalinity in agricultural land uses, which was 
due to an increase of erosion (Raymond and 
Cole 2003).  
4.5.4 COMPARISON OF THE DIFFERENT LAND 
USES 
Our study evaluated the controlling processes 
and their importance under different land 
uses, from forest to cropland (Table 4.6). We 
suggest that along a land use gradient, the Si 
sinks and sources as well as the processes 
controlling Si release change. 
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TABLE 4.6: PROCESSES CONTROLLING STRONGLY (+++) TOO SLIGHTLY (+) THE SI RELEASE IN FOREST (F), PASTURE (G) AND CROPLAND 
(C). INACTIVE PROCESSES WERE INDICATED WITH 0. 
    F G C 
SOURCE 
    
 
Primary minerals + + + 
 
Phytoliths  +++ ++ + 
 
Clays + 0 0 
     PROCESSES CONTROLLING Si RELEASE 
  
 
Acidification processes 
   
 
 - Sulfate ++ ++ +++ 
 
 - DOC 
 
+ + 
 
Hydrological conditions 
  
+++ 
 
K Clay? 
 
Fertilizer? 
     SINK   Clay 0 0 
 
The differences in processes controlling the Si 
cycle between forest and anthropogenic 
disturbed soils (cropland  and pasture) are 
due to differences (1) in hydrological 
conditions and (2) in acidification processes. 
Hydrological control was proven because 
higher recharge under forest provided higher 
field weathering rates (r1) and because DSi 
concentrations in soil pore water were higher 
under dry conditions in anthropogenic 
disturbed soils. Despite pH was not directly 
correlated with Si concentrations (Table 4.3), 
(1) acidifying parameters (S and DOC) were 
correlated with Si and (2) acidity of soil 
determined the speciation of DSi, which might 
control clay neoformation. Clay precipitation 
would limit DSi export from the forest soil. In 
contrast, in near neutral pH conditions 
(pasture and cropland), no clay precipitation 
occurred. DSi concentrations under 
anthropogenic disturbed soils could therefore 
exceed DSi concentrations under forest. 
Clay composition differed between forest and 
croplands. We observed higher illite content 
combined with lower smectite contents in the 
cropland. Cornu et al. (2012) attribute the 
reversion of smectite into illite to K-fertilisation 
when forested soils are transformed into 
arable land. Our pore water data did not 
reflect illite formation during the sampling 
period. We suggest this is due to the temporal 
and spatial scale of sampling. The 
transformation of smectite to illite is observed 
for luvisols with K-fertilization on durations of 
40 yrs (Barré et al. 2008) and 70 yrs (Pernes-
Debuyser et al. 2003). As our water samples 
were taken during 3 years, the time scale was 
probably too short to observe changes in soil 
water. In contrast, in the forest area we 
observed clay precipitation, these processes 
seem therefore to be accelerated by forest 
cover. For a study in the rhizosphere of forest 
soil developed on volcanic tuff, clay 
precipitation took place in only 3 months and 
was driven by micro-organism and root 
activities (Turpault et al. 2008). Tice et al. 
(1996) observed a more important illite 
formation under oaks than under pine trees, 
the difference was ascribed to the higher K 
concentration in the larger litter pool under the 
oak cover. The presence of earthworms under 
oak would also accelerate the metabolism of 
organic matter and soil mixing. Similarly, in 
our study the litter layer and hence the 
available K pool, was more important in the 
forest than in the other sites. 
4.5.5 UNCERTAINTIES  
Our study is a first step in identifying 
dissolution/sink processes of the soil Si cycle 
for different land uses. Several questions 
remain unanswered. The correlation between 
the base cations and Si are difficult to assign 
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to one process as these can be released by 
plant degradation, fertilizers or mineral 
dissolution, be subject to preferential plant 
uptake, adsorption processes and/or be 
concentrated by water evaporation. Especially 
the correlations between K and Si were 
difficult to interpret as K is known to be 
present in important amounts in litter, fertilizer 
and to influence clay formation (Tice et al. 
1996; Cornu et al. 2012). Si isotope analysis 
and Ge/Si should clarify and confirm the DSi 
sources and the Si sources of the new sinks. 
To exclude effects of hydrological conditions, 
normalization of the data with a conservative 
tracer like Cl
-
 would have helped but no data 
were available.  
As S seemed to be correlated with Si, we 
suggested sulfuric acid formation could 
influence Si export. Nevertheless as sulfide 
and sulfate minerals were only present in 
small amounts, or even absent under 
cropland, S should come from another source. 
According to Exley (1998) acid rain, another 
potential source of sulfuric acid, can lead to an 
accelerated deficiency in silicic acid in soils 
and surface waters as mineral weathering (i.e. 
K-feldspar) by sulfuric acid (rainwater pH 4) is 
more rapid than by carbonic acid (rainwater 
pH 5). As the acidification by sulfuric acid can 
be neutralized by the dissolution of carbonate 
minerals, we can consider that the cycles of 
Si, C (Street-perrott and Barker 2008) and S 
(Spence and Telmer 2005) are all interacting. 
The correlation analysis validates Eq. 1 as all 
variables play a role in the Si dissolution 
processes. 
Our analysis did not investigate the role of 
microbial communities on the Si cycle. 
However bacterial communities differ between 
land uses (Macdonald et al. 2009) and can 
accelerate silicate weathering (Bennett et al. 
2001; Uroz et al. 2009) or transform smectite 
to illite in anaerobic conditions (Kim et al. 
2004). The impact of bacterial communities 
should be taken into account in further 
analysis on the Si cycle along land use 
gradients.  
Some uncertainties on the PHREEQC model 
need also to be mentioned: the available 
thermodynamic databases result from 
experimental observations on pure clays while 
soil clays are most often interstratified. More 
precise thermodynamic values for soil clay 
minerals should ameliorate the PHREEQC 
calculations. In parallel, organic acids should 
be integrated in the model. This would allow to 
estimate more accurately the amounts of Al 
complexes with organic acids and 
consequently the amount of Al available to 
complex with Si and to precipitate as clay.  
4.6 CONCLUSIONS AND PERSPECTIVES 
This study proved Si export from different land 
uses is not only controlled by the importance 
of the biogenic Si pool (BSi) present in the soil 
(Struyf et al. 2010; Clymans et al. 2011). In 
forests, phytolith dissolution likely controls DSi 
concentrations throughout the whole year. Our 
PHREEQC model suggests that DSi in these 
acid soils can form complexes with Al which 
would enhance clay formation on short time 
scales. This Si sink may limit the final DSi 
export from the soil towards the river. This 
recycling generated by trees allows to limit soil 
depletion, even at high weathering rates (r). 
However the suggestion of Al complexation 
with Si and subsequent clay formation needs 
to be confirmed by adding the effect of organic 
acids in future models.  
In anthropogenic disturbed soils, DSi 
concentrations varied more than under 
forests. No clear control of DSi by phytolith 
dissolution is observed but Si concentrations 
were controlled by hydrological conditions, 
especially when soil water content varied a lot 
(cropland). DSi in soil water is concentrated by 
evaporation and residence time of the residual 
pore water becomes longer.  
Further research on the interactions between 
the cycles of Si, C and S are needed to clarify 
the correlations between DSi and DOC 
(enhanced dissolution by acidification, 
competition of organic acids with Si for the 
complexation with Al), as well as DSi and S 
(enhanced dissolution by acidification). 
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5 One-dimensional numerical model of Si transport in a 
forest soil and in a deforested soil 
 
5.1 INTRODUCTION 
Recently, there is a growing interest in the 
impact of land management (forest, cropland) 
on Si export. Field observations show that 
rivers draining forests export larger Si fluxes 
than rivers draining agricultural areas (Struyf 
et al. 2010; Carey and Fulweiler 2011). 
Currently higher Si fluxes exported from 
forests are explained by higher amount of 
biogenic Si (BSi) stored in forest soils 
compared to croplands (Clymans et al. 2011; 
Keller et al. 2012) as BSi dissolution is 
considered to control dissolved Si (DSi) 
concentrations in soil solutions (Farmer et al. 
2005). Up to 40 years after deforestation, 
peaks of Si export have been observed in 
rivers and were attributed to the erosion of the 
upper soil layer containing large BSi stocks. 
The high dissolved Si (DSi) export was 
attributed to the rapidly aggrading vegetation 
(Conley et al. 2008). 
Previous studies addressed only the behavior 
of dissolved Si (DSi) in rivers but not in soil 
water while Si is involved in several 
biochemical and geochemical subsurface 
processes, like chemical weathering, soil 
development, plant growth (Epstein 1999; 
Raven 2003). Moreover, ecosystems are often 
assumed at quasi steady-state while seasonal 
variations in Si concentrations and water 
fluxes are typically observed in natural 
systems (e.g. Gérard et al. 2002; Fulweiler 
and Nixon 2005; Clymans et al. 2013). 
Seasonal variations in rivers has been 
correlated to seasonal biological uptake 
(Carey and Fulweiler 2013), but also to 
changes of pore-water supply towards the 
river (Clymans et al. 2013). Not much is 
known about the processes controlling Si 
dissolution in soils after land use changes. 
However, in the current context of intense 
deforestation over large areas of the African 
and South American continents, global models 
quantifying the transfer of terrestrial siliceous 
materials from land to continental margins 
could be improved by developing the 
understanding of land use impact on Si export 
(Tréguer and De La Rocha 2013). 
To identify the main processes controlling Si 
export in soils after deforestation, a model of 
Si dissolution is set up for a given environment 
with known geometric and time scales. As BSi 
dissolution is considered as a controlling 
factor on Si export, this process has to be well 
described in the model. Existing models 
simulate Si originating from BSi by adding 
biomass fluxes directly (Gérard et al. 2008) or 
by dissolving chalcedony (Barré et al. 2009). 
Although dissolution behavior of continental 
BSi is described by experimental studies 
(Fraysse et al. 2009), so far BSi dissolution 
was not simulated for typical soil conditions.     
Land cover has also an important impact on 
the hydrological fluxes. Consequently it affects 
the residence time of soil solutions and thus 
the Si concentrations (Lucas 2001). In forests 
an increase in tree cover of 10 % would 
decrease the water yield with 25 - 40 mm and 
increase transpiration of water by deep roots 
with 50 % (Jackson et al. 2000). In contrast, 
deforestation increases the yield: an increase 
of 17 - 19 mm in yield is estimated for a 10% 
reduction in the cover of deciduous hardwood 
(Sahin and Hall 1996). Simulations for an 
artificial watershed under temperate climate 
estimates the evapotranspiration decrease of 
ca 200 mm.yr
-1
 when forest is replaced by 
barley (Fohrer et al. 2001).   
Land plants affect Si weathering (e.g. Kelly et 
al. 1998) but also influence Si precipitation. 
Element translocation through the soil by 
plants enhances clay formation (Barré et al. 
2009). Clays can incorporate dissolved Si 
from phytoliths (Cornelis et al. 2014a) or 
release DSi in organic rich environments 
(Cardinal et al. 2010; Cornelis et al. 2010a). 
However, clays are rarely considered in the 
biogeochemical Si cycle literature. It is not 
clear how important their impact is on the Si 
export from the soil towards the river. To 
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investigate clay stability, chemistry of the 
solution entering the soil needs to be well 
known. As rain water comes in contact with 
vegetation before reaching the soil 
(throughfall), canopy exchange processes 
such as leaching or washout will enrich rain 
water in nutrients, like K (De Schrijver et al. 
2004). Throughfall supplies thus more 
elements to the soil than rain, affecting 
nutrient cycles (Gallardo and Moreno 1998) 
and mineral stability (Barré et al. 2009). After 
deforestation we hypothesize that rain water 
will be poorer in K concentrations, especially 
after harvest.   
In this chapter a numerical model is presented 
that is meant to tackle three research 
questions: (1) how does BSi dissolve in the 
soil environment; (2) how does clay stability 
evolve in a soil environment; and finally (3) 
which impact have water flux changes on Si 
export following deforestation? Given the 
variety of processes that must be accounted 
for, this study presents only a first effort 
towards these goals.  
5.2 METHOD 
5.2.1 KINETIC BSI DISSOLUTION 
Leaching tests on forest A horizons with 
different pH proved BSi dissolved kinetically 
and that this process was pH dependent (cfr 
Chapter 3). These column tests and 
calibration of the dissolution equation for BSi 
were simulated with the HP1 model, which 
couples Hydrus 1D with PhreeqC (Jacques 
and Simunek 2005). The geometry of the 
model was a length of 6 cm and subdivided 
into 25 nodes. A flux of 0.8 cm.d
-1
 was applied 
until DSi concentrations stabilized. The rain 
flowing through the column had a pH of 6.83 
and Si concentrations of 0.0018 mmol l
-1
. An 
initial solution was defined in the column with 
a pH (pHsolution) equal to the soil pH (pHsoil in 
Table 5.1) and Si concentrations equaling the 
Si concentrations in the final Si concentrations 
measured in the leached solution ([Si]f in 
Table 5.1).  
 
 
 
TABLE 5.1: INITIAL AND FINAL CONCENTRATIONS MEASURED 
IN THE LEACHED SOLUTION FROM THE TWO SOILS AND 
CHARACTERISTICS OF THE BELGIAN A HORIZON UNDER 
FOREST COVER (AFBE) AND THE SWEDISH A HORIZON UNDER 
FOREST COVER (AFSW). 
  Afbe Afsw 
[Si]i (mmol.l
-1
) 1.3 - 1.7 2.1 - 2.4 
[Si]f (mmol.l
-1
) 0.3 0.6 
BSi (mg.g
-1
) 5 5.4 
pHsoil 4.1 3.3 
pHsolution 4 3 
 
The BSi dissolution was described in Chapter 
3 by the rapid decline in Si concentrations of 
the leaching curve, characterizing parabolic 
kinetics. The parabolic kinetics are generally 
described for several silicates with Eq. 5.1 
where r is the weathering rate (in mol m
-2 
s
-1
, 
eq.1; White and Brantley 2003) and t stands 
for time (in s, eq. 5.1). This equation also 
approached the obtained equation for the Si 
release from Afbe2 (Figure 5.1). This column 
released the lowest Si concentrations. We 
assumed that higher Si concentrations are 
due to a difference in local pH or local flux.  
              Eq.5.1 
 
 
FIGURE 5.1: RESULTS OF COLUMN TEST (CHAPTER 3) FOR 
FOREST A HORIZONS (Af) OF THE BELGIAN (AfBE1 AND AfBE2) 
AND SWEDISCH (AfSW1 AND AfSW2) SOILS. THE BEST FIT WAS 
CALCULATED FOR THE COLUMN WITH MINIMUM SI EXPORT 
(AfBE2).  
Calibration of the equation focused only on 
the part of the curve where BSi dissolution 
was evident: the rapid decline in Si 
concentrations of the leaching curve. Other 
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minerals were not taken into account in this 
approach. 
5.2.2 STUDY AREA 
The Meerdaal catchment is located in Central 
Belgium (Oud-Heverlee, 50°48'1.92"N, 
4°40'9.18"O; Figure 5.2a). The temperate 
climate is characterized by a mean 
temperature of 3.1°C in January and 17.7°C in 
July. During the sampling period (2010 -
 2013), mean annual precipitation are 590 mm 
in the forest. Topography varies between 50 
and 100 m above sea level. The catchment 
area spreads over 2.65 km² (Figure 5.2b-c) 
and is entirely covered by forest. The 
deciduous forest is characterized by native 
beech (Fagus sylvatica L) and oak (Quercus 
robur L).  
 
FIGURE 5.2: (A) LOCATION OF THE CATCHMENT; (B) TOPOGRAPHIC MAP OF THE CATCHMENT; (C) GEOLOGICAL PROFILE THROUGH THE 
LINE A-B FROM (B); (D) LOCATION OF MEASUREMENTS – ZOOM OF RED SQUARE FROM (B); (E) SETTING OF SUCTION CUPS, TDR AND 
PIEZOMETER. 
Silty loam soils developed on Late Glacial 
loess (Deckers et al. 2009), which is underlain 
by the sandy aquifer of the Brussel Formation 
and the clayey Kortrijk Formation (Figure 
5.2c). The mineralogy is principally composed 
of primary minerals (Quartz, K-feldspar) and 
also contains clays (smectite, illite, kaolinite) 
(Chapter 4).  
Composite samples (2 weeks) of 
precipitation/throughfall were collected with a 
funnel (diameter 18 cm) attached to a PET 
bottle. A wire mesh prevented contamination 
from falling leafs. Composition of the water is 
shown in Table 5.4. Soil pore water was 
extracted with suction cups (-800 hPA) and 
had Si concentrations varying between 0.2 
and 0.6 mM. Saturations indices for soil water 
are sometimes positive for illite and Ca-
montmorillonite indicating that precipitation of 
these clays can occur in these soils (Chapter 
4). Soil water content is measured monthly 
with TDR sensors installed next to the suction 
cups. Groundwater was sampled with a 
peristaltic pump from three piezometers 
located near the stream. The piezometer 
located near the suction cups had the highest 
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groundwater levels (PM1 Figure 5.2) and 
average Si concentrations of 0.24 mM. The 
two others had Si concentration averages 
around 0.4 mM. Van Gaelen et al. (2014) 
shows with a PCA analysis that the 
composition of water sampled in PM1 is 
comparable to the composition of the riparian 
zone. The groundwater sampled in the other 
piezometers comes from beyond the 
topographical divide (Clymans et al. 2013), 
consequently its composition results from the 
equilibration of the groundwater with a larger 
part of the Brussel sand aquifer. 
5.2.3 MODELLING OF A SOIL PROFILE  
Our model is a numerical model based on 
observations in the Meerdaal catchment. We 
first simulate (model TF, Table 5.3) a soil 
column comparable with a soil column from 
the middle of the slope of Meerdaal (around 
PM1 – figure 5.2c-d). The column is 3 m long 
and divided in 100 nodes and 3 layers: from 0 
until 6 cm depth a permeable humus layer; 
from 7 until 98 cm depth a loamy layer and 
from 99 until 300 cm depth, sand. The 
hydraulic parameters for the different layers 
are given in Table 5.2. The longitudinal 
dispersivity was estimated as a tenth of the 
profile thickness (3 m) based on general 
correlations between observation scales and 
longitudinal dispersivities (Gelhar et al. 1992) 
in saturated porous media. Atmospheric 
boundary conditions were set at the top of the 
column and was constituted of precipitation 
data measured in situ and evapotranspiration 
data from the station in Liedekerke (VMM). 
The simulation is 1802 days long (13/01/2009-
19/12/2013), however the first two years are a 
‗numerical warming-up‘ period (13/01/2009-
13/01/2011). The input data for the warming-
up period is a copy of the data used for the 
rest of the simulation. At the bottom of the 
column, the hydraulic boundary condition is 
set equal to the groundwater level measured 
in PM1. The root water uptake was not 
simulated in this model. 
TABLE 5.2: HYDRAULIC PARAMETERS OF THE DIFFERENT 
LAYERS OF THE MODEL THE RESIDUAL (ϴR) AND SATURATED 
(ϴS) WATER CONTENT; SATURATED HYDRAULIC 
CONDUCTIVITY (KS IN CM.D
-1) AND THE VAN GENUCHTEN 
PARAMETERS (α, n, l). 
Layer ϴr ϴs α n Ks(cm.d
-1
) l 
1 0.1 0.35 0.007 1.6 70 0.21 
2 0.089 0.35 0.03 1.5 0.8 0.5 
3 0.065 0.35 0.075 1.89 106.1 0.5 
 
Like in the model of Barré et al. (2009), 
primary minerals are considered as being 
chemically inert or to react too slowly 
compared to BSi and the clays. The initial rain 
solution was also considered as equilibrated 
with the clay minerals: in this case the 
equilibration took place in the first 2 nodes 
with illite and Ca-montmorillonite. In the first 
10 nodes, the kinetic reaction of BSi was 
applied. The whole column was 
undersaturated in CO2. This reaction was 
buffered by calcite equilibration in the 
saturated zone. The details of the code are 
presented in Appendix B.  
We set up different models (Table 5.3) to test 
the effects of different influent chemistry (TF 
vs R) and evaporation (R vs R-200). In the 
model TF, the composition of the throughfall 
sampled in situ was used as influent. Its K 
concentrations changed seasonally (Table 
5.4). In the model R, the influent had the 
chemical composition of rain (R) based on 
data of Peeters (2010). Comparing TF and R 
would help to see (a) if a change in chemical 
composition of influent after deforestation 
affect Si export and, (b) if throughfall adds the 
needed elements for clay precipitation, like 
suggested by Barré et al. (2009). In the third 
model, we still used rain water as influent but 
decreased the evaporation with 200 mm.yr
-1
 to 
simulate the Si flux after deforestation, like 
suggested in Fohrer et al. (2001).   
TABLE 5.3: INPUT USED FOR THE MODELS SIMULATING SI 
TRANSPORT RUNNED IN HP1. 
Model Influent Evaporation 
TF Throughfall Liedekerke 
R Rain Liedekerke 
R-200 Rain Liedkerke-200 mm yr
-1
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TABLE 5.4: CHEMICAL COMPOSITION (MMOL L-1) OF 
RAINWATER (R) AND THROUGHFALL (TF) FOR THE WINTER-
SPRING (WS) PERIOD (16 DECEMBER-15 MAY) AND FOR 
SUMMER-AUTUMN (SA) PERIOD (16 MAY-15 DECEMBER) 
FLOWING THROUGH THE COLUMN. RAIN WATER 
COMPOSITION WAS BASED ON DATA OF PEETERS (2010) 
WHILE FOR THROUGHFALL THE AVERAGE COMPOSITION OF 
IN SITU SAMPLES WERE USED. GREY SHADED DATA WAS 
DIFFERENT COMPARED TO THE OTHER MODELS. 
  
R 
TF 
  WS SA 
    
K  0.0057 0.05 0.16 
Ca  0.0018 0.06 0.06 
Mg  0.005 0.02 0.02 
Na  0.118 0.09 0.09 
Al - 0.0015 0.0015 
SO4
2-
 0.0315 0.05 0.05 
Si 0.008 0.008 0.008 
HCO3
-
 0.034733 0.034733 0.034733 
NO3
-
 0.05407 0.05407 0.05407 
Cl  0.0149 0.0149 0.0149 
pH 5.49 5.49 5.49 
 
5.3 RESULTS 
5.3.1 APPROXIMATION OF BSI KINETICS  
For BSi, only the first 8 points of the measured 
curve were considered. We choose to fit the 
model on the lowest measured 
concentrations. We first applied it on the 
Belgian soils, as we would work further on 
these ones. The best fit was obtained with Eq. 
5.2. The model fitted best for Afbe2 (Figure 
5.3) as shown by the lowest squared errors 
(Table 5.5).  
                         Eq. 
5.2 
For the Swedish soil, the equation simulated 
the correct range of concentrations for the 
start of the curve, but the squared errors were 
higher than for the Belgian soil. For unknown 
reasons, the shape of curve Afsw2 differs 
completely from Afsw1. Therefore this model 
does not fit this curve (large squared errors in 
Table 5.5). The end of the curve is influenced 
by pH enhanced weathering of minerals, 
which was not simulated here. 
 
TABLE 5.5: SUM OF SQUARED ERRORS (SSE), MEAN SQUARED 
ERRORS (MSE) AND DETERMINATION COEFFICIENT (R²) FOR 
THE MEASURED CONCENTRATIONS AND SIMULATED 
CONCENTRATIONS AT THE START OF THE CURVE (8 FIRST 
MEASURED POINTS CORRESPONDING TO THE DISSOLUTION 
OF BSI IN FIGURE 5.3). 
 
SSE MSE R² 
Afbe1 3.98 0.50 0.53 
Afbe2 1.21 0.15 0.15 
Afsw1 2.52 0.31 0.14 
Afsw2 8.02 1.00 0.40 
 
The coefficients of determination (R² in Table 
5.5) were low due to the low concentration 
simulated by the model at time 0 (0.50 mmol.l
-
1
 for Afbe and 0.87 mmol.l
-1
 for Afsw), not to 
be seen in Figure 5.3. As enough volume is 
needed for analysis, the first sample taken in 
the experiment is a mixed sample of the first 
points of the calculated curve. At the 
beginning of the curve, values vary a lot, e.g. 
between 0.050 and 1.4 mmol.l
-1
 for Afbe. This 
explains the difference between the initial 
concentrations of the model and the 
experiment. 
A comparison without taking the initial 
concentrations into account, would provide R² 
values at least 0.20 units higher: 0.73, 0.81, 
0.58, 0.83 respectively for Afbe1, Afbe2, Afsw1 
and Afsw2. 
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FIGURE 5.3: SI CONCENTRATIONS SIMULATED BY THE MODEL 
COMPARED WITH MEASURED SI CONCENTRATIONS DURING 
THE COLUMN TEST FOR THE BELGIAN (ABOVE) AND SWEDISH 
(BELOW) SOILS. DURING THE 5 FIRST DAYS, BSI DISSOLUTION 
INFLUENCED SI RELEASE WHILE AFTERWARDS MINERAL 
DISSOLUTION WAS DOMINANT (CHAPTER 3).  
5.3.2 SI CONCENTRATIONS IN THE SOIL 
COLUMN MODELS 
In the three models, Si concentrations were 
almost constant in time in the deeper part of 
the column (150 & 222 cm), when water flow 
conditions were saturated (h > 0, Figure 5.4). 
Variation of Si was much more important in 
time in the upper part of the column (15 & 45 
cm depth), in unsaturated conditions (h < 0, 
Figure 5.4).  
Average Si concentrations of models TF (0.34 
± 0.13 mmol l
-1
) and R (0.32 ± 0.13 mmol l
-1
) 
varied more and were higher than in model    
R-200 (0.23 ± 0.07 mmol l
-1
) (Figure 5.4). These 
averages were calculated for all observation 
nodes together. The total Si fluxes measured 
at the bottom of the column after 1802 days of 
simulation were lower in the TF model (- 0.120 
mol m
-2
) and the R model (- 0.119 mol m
-2
) 
than in the R-200 model (- 0.197 mol m
-2
). This 
difference was due to the lower yearly 
evaporation in model R-200 compared to the 
models TF and R. Consequently, the 
cumulative bottom flux was higher in model    
R-200 (0.93 m) than in models TF and R 
0.54 cm. Pressure heads differed also, i.e. 
during the months July 2010 and July 2011 
pressure heads had lower local minima in TF 
and R than in R-200 (Figure 5.4).  
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FIGURE 5.4: VARIATION IN TIME OF SIMULTED SI CONCENTRATIONS (MMOL.L-1), PRESSURE HEADS (H IN CM), AMOUNT OF 
KINETICALLY REACTED BSI (ΔBSI IN MOL), PH AND SATURATION INDICES OF ILLITE (SIILLITE) AT DIFFERENT DEPTHS IN THE SIMULATED 
COLUMN (15, 45, 75, 150, 222 CM) FOR THE THREE MODELS TF, R AND R-200. THE SHADED AREA REPRESENTS THE WARM-UP PERIOD. 
SATURATION INDICES OF MONTMORILLONITE WERE NOT SHOWN AS THEIR TREND WAS SIMILAR TO ILLITE. 
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5.3.3 PROCESSES CONTROLLING SI 
CONCENTRATIONS IN THE UNSATURATED 
ZONE  
As most variation in Si concentrations was 
observed in the top of the column, the 
following description focused on the 
observation node located at 15 cm depth. 
According to the calculated Pearson 
correlation coefficients (r; Table 5.6), Si 
concentrations were mostly controlled by flux 
conditions in models TF and R where 
intensive downward fluxes increases Si 
concentrations. The r-value is negative (Table 
5.6) as downward fluxes were negative in the 
model, in contrast to upward fluxes created by 
evaporation. In model R-200, Si concentrations 
correlated better with hydraulic heads than 
with fluxes: Si concentrations are higher when 
hydraulic heads are low. Correlations were 
lower for the amount of dissolved BSi, 
especially in R-200, and the lowest for pH 
(Table 5.6).  
TABLE 5.6: PEARSON CORRELATION COEFFICIENTS (R) 
CALCULATED BETWEEN SI CONCENTRATIONS AT 15 CM AND 
PH, DISSOLVED BSI (ΔBSI), HYDRAULIC HEADS (H), SOIL WATER 
CONTENT (ϴ) AND FLUX FOR THE MODELS TF, R AND R-200. 
BOLD VALUES INDICATE THE HIGHEST CORRELATIONS. 
 
TF R R-200 
pH -0.07 -0.09 -0.07 
ΔBSi 0.16 0.17 0.14 
h -0.30 -0.29 -0.58 
ϴ -0.08 -0.07 -0.42 
Flux -0.38 -0.38 -0.13 
 
5.3.4 BSI DISSOLUTION 
At 15 cm depth, 0.25 moles BSi dissolved 
over the whole simulation period in model R. 
This amount was only 5.62 10
-4 
moles lower in 
the TF model. In both models the dissolved 
BSi amount correlated with flux (r = - 0.48; 
Figure 5.5). In model R-200 only 0.06 mole BSi 
reacted over the whole simulation period and 
correlation with flux was a bit lower (r = - 0.42; 
Figure 5.5). 
 
 
FIGURE 5.5: CORRELATION BETWEEN THE FLUX AND THE 
AMOUNT OF DISSOLVED BSI CALCULATED FOR DAILY TIME 
STEPS BY THE MODELS TF/R (DIAMONDS) AND THE MODEL R-
200 (TRIANGLES).  
Si concentrations generally decreased with 
hydraulic heads (Figure 5.6) and were thus 
generally low during the wet periods (e.g. 
Figure 5.7 above). 
 
 
FIGURE 5.6: SI CONCENTRATIONS (MOL.L-1) AND AMOUNTS 
DISSOLVED BSI (ΔBSI) CALCULATED FOR DAILY TIME STEPS, 
PLOTTED AGAINST PRESSURE HEADS (H IN CM) AT 15 CM 
DEPTH IN MODEL TF. SIMILAR TRENDS WERE OBSERVED FOR 
THE TWO OTHER MODELS. 
At flux peaks during the wet season, Si 
concentrations generally decreased due to 
dilution processes (e.g. 10-2-2012 in Figure 
5.7). In dryer seasons, when pressure heads 
(h) were low Si concentrations were high 
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(Figure 5.6; e.g. June and September 2012 in 
Figure 5.7). Nevertheless, high Si 
concentrations also occurred at high h (Figure 
5.6; e.g. 23-5-2012 in Figure 5.7). Those 
peaks were simultaneous to the most 
important dissolved BSi (ΔBSi) peaks. 
Consequently, the spread of Si concentrations 
and dissolved BSi was important in saturated 
conditions (h=0; Figure 5.6). The most 
important BSi dissolution peaks occurred 
simultaneously with flux peaks following a dry 
period, i.e. during rewetting events (e.g. 23-5-
2012 in Figure 5.7). 
 
FIGURE 5.7: NORMALISED SI CONCENTRATIONS, PRESSURE 
HEADS (H), FLUX, THE SIILLITE, (LEFT AXE) AND THE ABSOLUTE 
AMOUNT OF KINETICALLY DISSOLVED BSI (RIGHT AXE) IN THE 
WET SEASON (ABOVE) AND DRY SEASON (MIDDLE AND 
BELOW) OF THE YEAR 2012 IN MODEL TF AT 15 CM DEPTH. 
NORMALIZATION FACILITATES THE COMPARISON BETWEEN 
THE DIFFERENT VARIABLES. TO PLOT INTENSE FLUX AS A 
POSITIVE PEAK, SIGNS OF FLUXES WERE INVERSED FOR 
NORMALIZATION: POSITIVE FLUX IS IN THIS FIGURE 
DOWNWARD FLUX. DISSOVED BSI AMOUNTS ARE PLOTTED 
LOGARITHMICALLY (RIGHT AXE).  
5.3.5 CLAY SATURATION INDICES  
Saturation indices (SI) of illite were highest at 
15 cm and lowest in the saturated zone (150 & 
222 cm depth), in contrast to pH (Figure 5.4). 
In the wet season, SIillite decreased when flux 
increased, like Si concentrations (e.g. 10-2-
2012 in Figure 5.7). At 15 cm depth, SIillite 
were sporadically oversaturated but no 
precipitation occurred in our model. These 
peaks occurred during rewetting soil 
conditions (e.g. 23-5-2012 in Figure 5.7), 
simultaneously with pH dips (Figure 5.4) and 
hydraulic head peaks. The SIillite clearly 
correlated negatively with pH (r = - 0.97 for 
R/R-200 and r = - 0.99 for TF) but not with Si, Al 
or K concentrations (Figure 5.8). 
 
FIGURE 5.8: SIILLITE AT 15 CM DEPTH PLOTTED AGAINST PH FOR 
MODELS TF AND R/R-200 (ABOVE) AND AGAINST SI, AL AND K 
CONCENTRATIONS FOR MODEL TF (MIDDLE) AND MODELS 
R/R-200 (BELOW). 
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The models with the same chemical 
composition for the influent (models R and     
R-200) reproduced exactly the same SIillite, in 
contrast to TF. Average values did not differ 
that much between all models but the variation 
was slightly higher in model TF (-11.99 ± 2.34) 
compared to models R/R-200 (-12.04 ± 1.99). 
The maximum saturation indices of illite were 
higher in the TF model (4.33) than in the R/R-
200 models (3.25). Due to the seasonal 
variation of K, SIillite in model TF during SA 
period (-12.02 ± 2.41) approached more the 
average values of models R/R-200 while 
average SIillite of -11.95 ± 4.32 were calculated 
during WS.  
Ca-montmorillonite had the same behavior but 
SI were 2.04 and 2.42 units higher than illite in 
topsoils (15cm) respectively for TF and R/R-200 
(Table 5.7). In the deeper part of the soil 
column (150-222 cm), the difference was 
lower: 1.30 in TF and 1.41 in R/R200 (Table 
5.7). 
TABLE 5.7: AVERAGE VALUES AND STANDARD DEVIATIONS 
OF DIFFERENCES BETWEEN SICA-MONTMORILLONITE AND SIILLITE FOR 
EACH OBSERVATION NODE 
Depth 
(cm) 
TF R/R200 
15 2.04 ± 0.26 2.45 ± 0.23 
45 1.92 ± 0.22 2.23 ± 0.15 
75 1.68 ± 0.23 1.93 ± 0.12 
150 1.36 ± 0.08 1.36 ± 0.08 
222 1.30 ± 0.17 1.41 ± 0.07 
5.4 DISCUSSION 
5.4.1 NET SI FLUX  
By simulating the equilibration of clay minerals 
and the dissolution of BSi in the top soils, 
average Si concentration in the TF model 
(0.34 mmol. l
-1
 - Table 5.8) were close to the 
median concentrations measured in Meerdaal 
forest (0.33 mmol l
-1
 – Chapter 4). The Si 
concentration simulated after deforestation 
(0.23 mmol.l
-1
- Table 5.8) was lower in our 
model than what we measured in the pasture 
and in the cropland (respectively 0.26 mmol.l
-1 
and 0.29 mmol.l
-1
). Simulated Si 
concentrations approach the measured 
concentration ranges but the comparison 
between the model and the measurements 
needs to be handled with caution as the 
model was not calibrated for the water fluxes. 
In our approach, we did not simulated a 
pasture or cropland but an early deforested 
soil.  
The yearly Si flux delivered by the column was 
0.024 mol m
-2 
yr
-1
 in model TF and R but 0.040 
mol m
-2 
yr
-1
 in R-200 (FSi in Table 5.8). These 
were higher but in the same order of 
magnitude than the Si discharge calculated in 
previous studies for grasslands (0.018 mol m
-2 
yr
-1
 in White et al. 2012) and forests (0.018 
mol m
-2 
yr
-1
 in Gérard et al. 2008). This 
difference is due to the fact that our model did 
not simulate uptake by plants and that, despite 
the variation in clay stability, no clay 
precipitation occurred. Gérard et al. (2008) 
estimated the Si flux due to BSi dissolution to 
0.053 mol m
-2
yr
-1
 which approached our 
estimations for models R and TF (FΔBSi in 
Table 5.8). In White et al. (2012) Si flux from 
AlkExSi was higher (0.065 mol m
-2 
yr
-1
) as it 
was the sum of Si coming from BSi and 
amorphous pedogenic Si. 
 
TABLE 5.8: SUMMARY OF THE MODEL RESULTS. AVERAGE SI CONCENTRATIONS AND STANDARD DEVIATIONS FOR ALL OBSERVATION 
NODES; YEARLY WATER OUTFLUX OF THE COLUMN (F) CALCULATED FROM THE CUMULATIVE BOTTOM FLUX; THE YEARLY SI FLUX AT 
THE BOTTOM OF THE COLUMN (FSI); THE YEARLY SI FLUX ORIGINATING FROM THE KINETICAL DISSOLUTION OF BSI (FΔBSI) AT 15 CM 
DEPTH; AND THE AVERAGE PH AND SIILLITE WITH THE STANDARD DEVIATION CALCULATED AT 15 CM. IN BRACKETS, RESPECTIVELY THE 
MINIMUM AND MAXIMUM VALUE CALCULATED FOR THE PH AND SIILLITE AT 15 CM DEPTH. 
 TF R R-200 
[Si] (mmol l
-1
) 0.34 ± 0.13 0.32 ± 0.13 0.23 ± 0.07 
F (m.yr
-1
) 0.11 0.11 0.19 
FSi (mol m
-2
yr
-1
) 0.024 0.024 0.040 
ΔBSi (mol m
-2
yr
-1
) 0.051 0.051 0.013 
pH 5.37 ± 0.28 (3.20) 5.30 ± 0.24 (3.27) 5.28 ± 0.26 (3.23) 
SIillite -11.99 ± 2.34 (4.33) -12.04 ± 1.99 (3.25) -12.04 ± 1.99 (3.25) 
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5.4.2 THE EFFECT OF WATER FLOW (TF AND R 
VS R-200) 
Water fluxes were an important controlling 
factor for Si concentrations, especially in the 
TF and R models (Table 5.6). The Si 
concentrations were lowest in the model with 
the highest fluxes (R-200) and decreased 
during rain events in the wet season (Figure 
5.6). This dilution effect was due to the low 
residence time which did not allow pore water 
to reach equilibrium (Maher 2011). This 
dilution process was also observed in the 
study of Si concentrations in the river where 
fresh DSi-poor soil water fed the river during 
rain events (Clymans et al. 2013).  
Our models showed that the highest Si 
concentrations were reached in the 
unsaturated zone (1) higher Si concentrations 
were delivered and (2) higher amounts of 
biogenic Si (ΔBSi) reacted in the models with 
low cumulative fluxes (Fcum in Table 5.8), i.e. 
TF and R. During rewetting conditions, the 
kinetic dissolution of BSi was the most 
important. In contrast higher fluxes (R-200) 
resulted in lower Si concentrations with lower 
variations, and less BSi reacted. Pearson 
correlation coefficients between fluxes and 
ΔBSi for TF and R-200 were respectively -0.48, -
0.41.  
Making up a balance of Si flux at 15 cm depth 
(Figure 5.8) revealed that the yearly dissolved 
BSi amount (0.051 mol m
-2
yr
-1 
in TF/R) was 
higher than the transported amount of DSi. 
Yearly downward DSi flux was 0.045       
mol m
-2
yr
-1 
in TF, 0.043 mol m
-2
yr
-1 
in R. Yearly 
upward DSi flux was at 15 cm 0.002        
mol m
-2
yr
-1 
in both models. Si was partly 
immobilized (0.004 mol m
-2
yr
-1
 in TF, 0.006 in 
R). DSi could in that case stay in capillary 
water or precipitate. In model R-200, upward 
DSi flux was 0.002 mol m
-2
yr
-1 
and downward 
DSi flux was 0.019 mol m
-2
yr
-1
. BSi produced 
0.013 DSi mol m
-2
yr
-1
. This means that 0.008 
Si mol m
-2
yr
-1 
came from higher up in the 
column. 
The model of Barré et al. (2009) suggested 
that the stability of clays was dependent on 
water fluxes. Differences in total fluxes (R vs  
R-200) did not influence the SI of clays but the 
variation of water content conditions over time 
did affect clay SI. Peaks in SI were observed 
during rewetting conditions.  
 
FIGURE 5.9: BALANCE OF SI FLUXES AT 15 CM DEPTH IN THE 
SOIL COLUMN. THE DOTTED ARROW IS THE DSI FLUX 
RESULTING FROM REACTION IN THE UPPER PART OF THE 
COLUMN AND ENTERING THE NODE AT 15 CM DEPTH. THE 
DASHED LINE REPRESENTS THE SI FLUX ORIGINATING FROM 
THE BSI KINETIC DISSOLUTION. THE SOLID ARROWS 
REPRESENT THE SI FLUXES LEAVING THIS NODE. 
5.4.3 CHEMICAL COMPOSITION OF INFLUENT 
(TF VS R AND R-200) 
Si concentrations were slightly higher when 
throughfall infiltrated the soil (TF) instead of 
rainwater (R/ R-200) at comparable water fluxes 
but a bit more BSi reacted when rainfall 
infiltrated. The effect of chemical composition 
of the effluent on the amount of reacted BSi 
and on Si concentrations is almost negligible 
compared to the effect of different fluxes on 
these parameters. 
In all models, SI of clays correlated negatively 
with pH. The acidity increased when soil was 
rewetted. Like the average pH, average clay 
SI are comparable in all models. Although 
average SI of clays and the standard 
deviations were slightly higher when 
throughfall infiltrated through the soil (TF). For 
the TF model, minimum pH was lower than in 
the other models, and maximum SI 
consequently higher than when rainfall 
infiltrated the soil (R and R-200). The frequency 
of pH dips, and of the corresponding SI peaks, 
was higher in TF. Like suggested by Barré et 
al. (2009), the stability of clays is improved 
when inflowing water is enriched by base 
cation elements. The clay stability would have 
probably been higher if we would have taken 
into account primary production, like Barré et 
al. (2009).  
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5.4.4 UNCERTAINTIES ON THE MODELS  
Soil water chemistry is dependent on bedrock 
composition, topography, drainage conditions, 
rainfall distribution throughout the year and 
plant uptake. Our model is a simplified view of 
this very complex system. It reproduces the 
comparable water content and Si 
concentrations ranges as measured in the 
field (Chapter 4) but cannot reproduce exact 
time series. Therefore, it focuses on process 
understanding but it cannot provide detailed 
quantified time series.  
Our model is the first simulation of Si export 
from forest soils taking account of kinetic 
reaction of BSi. We choose to use a simple 
kinetic approach that approximated our 
experimental curves. As in the experimental 
curves some internal variation occurred, our 
equation should also be tested on larger 
datasets to assess the uncertainty on the fitted 
equation.  
Clay precipitation can control water chemistry 
as much as water transport (Maher et al. 
2009). All the results for clay SI are based on 
the available thermodynamic databases but 
these result from experimental observations 
on pure clays. In contrast to those pure clays, 
soil clays are most often interstratified. For 
more accurate simulations, more precise 
thermodynamic values for soil clay minerals 
should be available. For instance, large 
ranges of smectite solubility (Violette et al. 
2010) could be tested in next developments of 
this model, not only to test the sensitivity of 
these parameters but also to better constrain 
the role of clays in the Si cycle. Unlike the 
WITCH model of Goddéris et al. (2006), the 
cation exchange capacity of clays was not 
simulated in this model. This affects the 
availability of cations for plants but also for 
clay formation. If these aspects would be 
simulated in next models, the model results 
would not only focus on Si export but also on 
cation export. This would give a better 
overview on the weathering processes in the 
simulated soils (Goddéris et al. 2006). 
In this model, the influence of plants on soil 
water chemistry was limited to throughfall 
processes and did not elaborate more the 
effect of primary production like Barré et al. 
(2009). This should enhance clay stability. 
Also nutrient uptake was not taken into 
account in this model as convergence 
problems occurred when this was included in 
the model. However several studies estimate 
the Si uptake and release by the forest 
biomass as being (nearly) equal (Alexandre et 
al. 1997; Sommer et al. 2012). The impact of 
this simplification is thus limited. Including 
other nutrient cycles would also allow 
estimates of CO2 consumption by weathering 
processes (Goddéris et al. 2006), better 
estimations of K concentrations (Goddéris et 
al. 2006) and a better understanding of the 
influence of the presence of forest (vs a 
deforested soil) on the weathering processes. 
The low Si concentrations in soil water R-200 
did not correspond to the increase in DSi 
concentrations measured in rivers of the 
Hubbard Brook Experimental forest after 
deforestation (Conley et al. 2008). BSi eroded 
from the upper soil horizon arrives in the river, 
and can subsequently dissolve and provide 
higher Si concentrations. This does not apply 
for soil water. Increase of DSi leaching would 
though take place by rapid growth of 
vegetation. The new vegetation would induce 
a new balance between dissolution processes 
and vegetation uptake, which is not taken into 
account.  
5.5 CONCLUSION 
From our models it was clear that water flux 
controlled Si export. In forest soil, Si 
concentrations are controlled by BSi 
dissolution and clay precipitation can form a 
sink for Si, and other nutrients. After 
deforestation, the water flux increase, due to a 
transpiration decrease, diminished the overall 
amount of dissolved BSi and Si concentrations 
in the soil water. BSi dissolution under forest 
is thus favorized by the slower fluxes. 
Nevertheless the total exported DSi flux was 
higher under the deforested soil. The clay 
stability was not flux-dependent but controlled 
by the pH of the water.  
Future models would improve the 
understanding of the Si cycle with more 
knowledge about clay precipitation conditions 
and by taking into account plant uptake and 
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primary production. Therefore numerical 
model convergence needs to be improved. 
Applying such models for soils covered by 
different land use types (and in different 
climatic conditions) on catchment scale would 
improve the understanding of continental Si 
export towards the hydrographic system. In 
the model of Laruelle et al. (2009), one global 
average DSi concentration of 0.2 mmol.l
-1
 is 
used for the terrestrial DSi reservoir. Other 
models integrated the impact of land use 
change on Si export by taking into account 
changes in suspended Si material but 
neglected the influence on DSi (Dürr et al. 
2011). Our model proves that for global 
models, the spatial hetereogeneity of 
continental Si cycling would better be 
estimated after the development of catchment 
scale models taking hydrological conditions 
and kinetic BSi dissolution into account. It 
improves the understanding of the impact of 
human activities on weathering and pedogenic 
processes. 
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6 Opal-CT precipitation controls DSi export towards river 
Lhonneux (Blégny, Belgium) 
6.1 INTRODUCTION 
Several studies showed that biological 
processes exert a strong control on dissolved 
Si (DSi) export towards rivers (Conley 2002; 
Derry et al. 2005). Plants take up Si and form 
phytoliths, which is a form of biogenic Si (BSi) 
generally constituted of opal-A (Drees et al. 
1989). In Hawaiian river water, the majority of 
DSi seems to originate from BSi dissolution 
(Derry et al. 2005). Nevertheless, before 
reaching the river, DSi can adsorb on iron 
and/or aluminium oxy/hydroxides (McKeague 
and Cline 1963; Hiemstra et al. 2007) or 
reprecipitate in pedogenic opal (Chadwick et 
al. 1987b), imogolite, allophone (Parfitt 2009), 
clays (Barré et al. 2009; Opfergelt et al. 2010) 
or quartz (Basile-Doelsch et al. 2005). The 
dissolution of opal-A (SiO2.nH2O) is also 
known to form opal-CT, a similar mineral with 
a higher degree of crystal order (Chadwick et 
al. 1987a). This process is well-known in deep 
sea sediments at depth of hundreds of meters 
at 35-50°C (Demaster 1996) but can also take 
place in pedogenic environments (Chadwick 
et al. 1987a). The precipitation occurs when 
DSi concentration increases to reach opal 
equilibrium. This increase is often related to 
acid conditions and/or evaporation of water 
(Kittrick 1969). At high Si concentrations, opal 
A preferentially precipitates, compared to 
microcrystalline quartz (Chadwick et al. 
1987a). Opal-CT precipitates at DSi 
concentration between 0.7 and 2.1 mmol.l
-1
, 
while opal-A precipitates at higher 
concentrations (Williams and Crerar 1985). 
Opal-A can transform to opal-CT with time by 
solution-redeposition mechanisms (Kastner et 
al. 1977). The presence of metal-nuclei like 
magnesium (Mg) nuclei, composed of 
magnesium hydroxides, favors opal-CT 
nucleation (Hesse 1989). 
Current knowledge, based mainly on soil and 
rock samples, showed that Si reprecipitation 
can form an important pool in the 
biogeochemical cycle of Si (Basile-Doelsch et 
al. 2005; Barao et al. 2014). As DSi in rivers 
are not only biologically controlled but also by 
geological, and/or hydrological (Fulweiler and 
Nixon 2005) processes, we analyze if on 
watershed scale, Si reprecipitation affects DSi 
concentrations in natural water and DSi export 
to the river. In this chapter, we study a 
catchment where opal-CT is observed under 
the groundwater table. We hypothesize that 
precipitation of opal-CT can affect the Si 
concentration in the natural waters. 
6.2 MATERIAL AND METHODS 
6.2.1 SITE DESCRIPTION 
The studied catchment is located in the 
Eastern part of Belgium (Blégny, Land of 
Herve) and the catchment area extends over 
0.339 km² (Figure 4.1 in Chapter 4). The 
topography varies between 394 and 420 m 
above sea level. The upper layer has a silty 
loam texture and is composed of residual 
clays and cherts left over after the dissolution 
of Tertiary chalk formations. The river drains 
the superficial loamy layers and is fed 
permanently by three springs (S on Figure 
6.1). The catchment is covered by grasses 
(Poaceae family). The analysis focus on 
observations in P1 (Figure 6.1) where the 
mean groundwater depth is 0.50 m (Van 
Gaelen et al. 2014). 
6.2.2 METHODS  
Samples (sieved < 2 mm) from coring P1 
(Figure 6.1) were analysed for Alkaline 
Extracted Si (AlkExSi, Barao et al. 2014) with 
the continuous alkaline method (NaOH 0.5 M). 
We selected a sample with low AlkExSi 
content (<1 mg.g
-1
 at 0.9 m depth) and one 
consolidated sample with high AlkExSi content 
(17 mg.g
-1
 at 1.5 m depth) to compare 
mineralogy. Mineralogy was determined with 
X-ray powder diffraction (5-65°, PW1830 
diffractometer) after preparation according to 
Środoń et al. (2001) with Bragg-Brentano  -2  
setup. The sample was mixed with zinc oxide, 
used as internal standard (10%). Mineral 
quantification was performed using pattern 
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summation with the QUANTA software 
(© Chevron ETC).  
Stream discharge was monitored at the V-
notch (Figure 6.1) since January 2011 until 
December 2013. Records of water height (m) 
were collected every 15 minutes using a flow 
module (ISCO 720 submerged probe module, 
Teledyne ISCO Inc., Lincoln NE, USA) which 
was connected to an automatic data logger 
(ISCO 6712, Teledyne ISCO Inc., Lincoln NE, 
USA). Discharge (m
3 
s
-1
) was calculated from 
water height measurements which were 
transmitted via telemetry or read out at the site 
location every two weeks. Groundwater level 
was measured in three piezometers each half 
hour with a Diver (Eijkelkamp, Giesbeek, The 
Netherlands) in P1 since June 2011 and in P2 
and P3 since December 2012 (Figure 6.1). 
Monitoring stopped in December 2013. The 
area of the saturated zone around the river, 
upstream from the V-notch (riparian zone in 
Figure 6.1), was delimited by GPS (Trimble 
RTK 5800) in September 2011. 
Stream water was sampled each three days 
with an ISCO-sampler (ISCO-6712). Samples 
were stored in polyethylene terephthalate 
(PET) bottles inside the ISCO sampler and 
collected as soon as the sampler was full or 
within maximum two weeks. Soil water was 
sampled monthly with suction cups 
(Eijkelkamp, Giesbeek, The Netherlands) by 
applying a continuous suction of ca 500 hPa 
one month before the sample collection. The 
suction cups were installed at three locations 
(valley-bottom, slope, plateau) along two 
transects (gully, ridge) in the field (Figure 6.1). 
In the northern transect (the gully), three 
depths were sampled (30, 60, 90 cm) and in 
the southern transect (the ridge), two depths 
were sampled (30, 90 cm). Groundwater 
samples were taken once a month with a 
peristaltic pump. The water samples were 
filtered (Chromafil filters, 0.45 µm) to measure 
DSi using the molybdenum blue method. 
Concentrations of Ca, Na, Mg, K, S, Al and Fe 
in the water were quantified with ICP-OES 
(5M HNO3; pH=1). The pH was measured with 
a glass electrode.  
 
 
FIGURE 6.1: MAP OF INSTALLATIONS IN THE STUDY AREA (GOOGLE EARTH1). 
                                                                
1
 Google Earth V 7.1.2.2041, 1 July 2009, Blégny, Belgium, 50°40‘22.53‘‘N 5°45‘52.29‘‘E Eye alt 
544m 2009 GeoBAsis-DE/BKG, Digital globe 2014 [3 august 2014]. 
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6.2.3 RATES OF OPAL-CT PRECIPITATION 
To estimate the amount of Si released by the 
catchment, the Si flux (FSi in mol.km
-2
 in 6 
months) was calculated for the autumn-winter 
(half October-half March) and spring-summer 
(half March-half October) seasons by 
multiplying the average DSi concentration of 
the river (Cav) by the average river discharge 
of each season, and dividing it by the 
catchment area (A -0.34 km²- in Eq. 6.1).  
    
           
 
    Eq.6.1 
Without the opal-CT precipitation, the river 
would release higher DSi concentrations. To 
calculate the potential FSi in that case, we 
used DSi concentrations of S3 (Figure 6.1), 
which were close to the concentrations 
measured in the groundwater, and multiplied it 
by the seasonally averaged discharges of the 
river (Eq. 6.1). As opal-CT was observed in 
the saturated zone, we hypothesize that the 
difference in FSi for S3 and the river 
represented the potential amount of opal-CT 
precipitated during one season. 
6.2.4 SIMULATION OF OPAL-CT 
PRECIPITATION IN PHREEQC 
To verify if opal-CT precipitation can explain 
the differences in Si concentrations observed 
in the natural waters, we set up a geochemical 
model in PHREEQC. Before this calculation, 
the log k values of opal-CT needed to be 
calibrated, as it is not present in the 
PHREEQC database. Opal-CT has a solubility 
lying between opal-A and cristobalite (Kastner 
et al. 1977), which has a log k value of -3.16 in 
the SIT database of PhreeqC (Appelo and 
Postma 2005). The SiO2 polymorphs cited in 
the PhreeqC database are quartz (log k= -
3.98), chalcedony (log k=-3.55), opal-A (log k 
= -2.71). To estimate the value for opal-CT, 
we simulated in PhreeqC (code in Appendix 
C) the average DSi concentration in the river 
(0.25 mmol.l
-1
) from an initial solution of 
groundwater. For the input we selected a 
groundwater sample with values of pH and 
DSi concentration approaching the average 
pH (6.67) and the average DSi concentration 
of groundwater (0.34 mmol.l
-1
; model 1 in 
Table 6.1). As carbonates (calcite and 
dolomite) were detected in the soil (Figure 6.3) 
we calibrated the amount of carbonates to 
approach average river pH (7.96). The river 
pH was approached when the solution reacted 
with 3 µmol dolomite. It was also equilibrated 
with Opal-CT with log k values varying 
between -2.71 and -3.65. Results for the 
range of log k used are presented further in 
this Chapter (Table 6.4). 
Amounts of precipitated opal-CT were 
estimated for the average (model 1 in Table 
6.1), maximal (model 2 in Table 6.1), and 
minimal DSi concentrations in groundwater 
(model 3 in Table 6.1). Also the amount 
precipitated from average DSi concentration in 
P3 were estimated (model 4 in Table 6.1).  
With the calibrated log k for opal-CT, we 
calculated saturation indices of several 
minerals for each piezometer and for the river 
in 2013. In the river, we selected baseflow 
samples taken around the dates of 
groundwater sampling. Average values of 
mineral saturation indices near saturation         
(-5<x<5) were compared in the groundwater 
and the river to see if any coprecipitation 
occurs with opal-CT.  
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TABLE 6.1: GROUNDWATER COMPOSITION USED AS INPUT IN PHREEQC TO ESTIMATE LOG K OF OPAL-CT (MODEL 1) AND THE 
AMOUNTS OF OPAL-CT PRECIPITATED (MODELS 1-4). 
Model 
number 1 2 3 4 
Location P1 P1 P3 P3 
Date 14-6-2012 15-8-2012 7-3-2013 15-5-2013 
    pH        6.7 6.68 6.63 6.53 
    Si         0.34 0.49 0.16 0.23 
    Ca         2.18 3.07 1.81 2.07 
Na  0.347 0.21 0.17 0.13 
    K          0.11 0.03  0.02 0.004 
    Mg        0.06 0.07  0.04  0.04 
  S          0.34  0.57 0.15 0.13 
    Al         0.002 2.95e-4 0 0 
    Fe         0.06 0.03 1.27e-5 0 
 
6.3 RESULTS  
6.3.1 SOIL ANALYSIS 
In the topsoil, 5 mg.g
-1
 of AlkExSi (Figure 6.2) 
was present. At the top of the soil profile 
AlkExSi was probably of biogenic origin. A 
typical decrease with depth (Keller et al. 2012; 
Sommer et al. 2012) is measured until 1.3 m 
depth. From 1.4 m until 1.8 m depth, very high 
concentrations of AlkExSi were measured. At 
1.5 m depth in the coring, lithified grey porous 
(1.52 g cm
-3
) samples were found (picture in 
Appendix D).  
 
FIGURE 6.2: ALKEXSI CONTENT IN CORING P1 
The XRD analysis of this sample (spectrum 
shown in Appendix E) was compared with a 
soil sample taken in the same core at 0.9 m 
depth (Figure 6.3). At 0.9 m depth, the soil 
was constituted of 62% quartz, 7% K-feldspar, 
6% plagioclase, 3.2% carbonates, 18.9% 2:1 
Al-clay, 1.47% kaolinite, 0.63% chlorite 
(Figure 6.3). At 1.5m depth, the amounts of 
several minerals at 0.9 m dropped drastically 
(35.8% quartz, 0.6% K-feldspars, 0.9% 
plagioclase, 2:1 Al-clay 14.7%). Carbonates, 
chlorite and kaolinite were absent whereas 
40.4% opal-CT and 7.4% of Fe-clays 
(glauconite, nontronite or other Fe-rich mixed 
layers) appeared (Figure 6.3).  
 
FIGURE 6.3: MINERALOGICAL COMPOSITION OF SAMPLES 
FROM CORING P1 AT 0.9 AND 1.5 M DEPTH 
6.3.2 CHEMICAL COMPOSITION OF WATER  
The DSi concentrations decreased along the 
flowpath (Figure 6.4), they were significantly 
higher in the groundwater compared to the 
river (P<0.001; α=0.01). The highest DSi 
concentrations were measured in the 
groundwater sampled from P1 and P2. DSi 
concentrations in P3, located near two springs 
(Figure 6.1), were closer to concentrations 
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measured in the springs and the river. 
Average DSi concentrations in pore water 
were higher than in the springs and river water 
(Figure 6.4). 
The average decrease in DSi concentration 
from groundwater to the river was 0.11 mmol.l
-
1
 from P1 to the river and 0.19 mmol.l
-1
 from 
P2 to the river. Also sulfur decreased of 
0.30 mmol.l
-1
 in average but variability on S 
concentration in groundwater was more 
important (Table 6.2.). Other elements like 
Mg, K, Ca did not show such trend (Table 
6.2.). The pH changed along the flowpath, 
slightly higher average pH values were 
observed in the springs (6.80±0.29) compared 
to groundwater (6.67±0.30; P=0.049; α=0.05). 
Once arrived in the river, the water pH clearly 
increased (Figure 6.3).  
The DSi variation was the highest in pore 
water (standard deviation of 0.12 mmol.l
-1
). 
Chapter 4 showed that this variation was most 
likely due to varying soil moisture conditions, 
as maximum concentrations were measured 
during the dry season (August and September 
2012-2013). DSi in P1 peaked at the same 
time, while P2 and P3 peaked a month later 
(Figure 6.4), but no clear seasonal variation 
was observed (Table 6.3). Groundwater in P1 
was more sensitive to processes occurring in 
the topsoil as groundwater was shallow in P1 
(average depth: 1.24 m) and deeper in the 
other piezometers (2.85 m in P2 and 1.59 m in 
P3). This explains why variability of pH and 
DSi were higher in P1 than in the other 
piezometers. 
 
TABLE 6.2: AVERAGE CONCENTRATIONS AND STANDARD 
DEVIATIONS (MMOL.L-1) OF MG, K, CA AND S IN THE 
BASEFLOW OF THE RIVER, THE GROUNDWATER (P1, P2, P3) 
AND THE SPRINGS (S1,S2,S3). 
 
Groundwater Springs Baseflow 
Mg 0.06±0.01 0.07±5.00e-3 0.08±5.00e-3 
K 0.04±0.04 0.03±0.01 0.04±0.02 
Ca 2.55±0.54 3.11±0.31 2.79±0.42 
S 0.52±0.22 0.23±0.03 0.22±0.03 
 
 
TABLE 6.3: AVERAGES OF DSI CONCENTRATION AND 
STANDARD DEVIATIONS FOR THE AUTUMN-WINTER (HALF 
OCTOBER – HALF MARCH) AND THE SPRING-SUMMER 
SEASONS (HALF MARCH – HALF OCTOBER) IN GROUNDWATER 
(P1-P3), SPRINGS (S1-S3) AND RIVER WATER (RIVER). 
 
Autumn-
Winter 
Spring-
Summer 
P1 0.37±0.06 0.36±0.08 
P2 0.42±0.01 0.45±0.01 
P3 0.24±0.01 0.23±0.02 
S1 0.24±0.01 0.25±0.01 
S2 0.25±0.01 0.26±0.01 
S3 0.34±0.01 0.35±0.02 
River 0.25±0.04 0.25±0.04 
 
 
Despite the seasonal variation in discharge 
(Autumn-Winter: 2.29±1.25 10
-3
 m
3
s
-1
; Spring-
Summer: 1.47±0.44 10
-3
 m
3
s
-1
), no seasonal 
variation in DSi concentrations was observed 
in the river (Table 6.3). Drops in 
concentrations (Figure 6.5) were observed 
during rain events. In consequence, DSi 
concentrations during baseflow conditions 
(0.27±0.02 mmol.l
-1
) had smaller standard 
deviations (Van Gaelen et al. 2014), closer to 
the standard deviations calculated for the 
springs (0.01-0.02 mmol.l
-1
). 
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FIGURE 6.4: SI CONCENTRATIONS (MMOL.L-1) AND PH MEASURED ALONG THE FLOWPATH, IN THE PORE WATER (PORE), 
GROUNDWATER (P1-P3), SPRINGS (S1-S3) AND RIVER WATER (RIVER). 
 
FIGURE 6.5: EVOLUTION OF DSI OVER TIME FROM JANUARY 2011 UNTIL DECEMBER 2013 IN GROUNDWATER (P1-P3), SPRINGS (S1-S2) 
AND THE RIVER. 
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The concentration-discharge relation is 
chemostatic (constant concentration) at low 
discharge, but when discharge exceeds 
0.0028 m
3
.s
-1
, DSi concentrations decrease 
(Figure 6.6).  
 
FIGURE 6.6: DSI CONCENTRATIONS IN THE RIVER PLOTTED 
AGAINST THE RIVER DISCHARGE. 
6.3.3 POTENTIAL RATES OF OPAL-CT 
PRECIPITATION 
In Autumn-Winter, 26.24 DSi kmol.km
-2
 was 
delivered in 6 months while 16.82 DSi kmol 
km
-2
 was delivered during Spring-Summer by 
the river (Figure 6.6). If S3 would determine 
the DSi concentration of the river, the flux 
would have been 35.69 kmol km
-2
 during 
Autumn-Winter and 23.55 DSi kmol km
-2
 
during Spring-Summer. This means that in 
average, 9.45 DSi kmol km
-2 
(26% of the FSi of 
S3) was retained in the catchment during 
Autumn-Winter and 6.73 kmol km
-2
 (28% of 
the FSi of S3) during Spring-Summer, likely by 
opal-CT precipitation. 
 
FIGURE 6.7: SI FLUX (FSI) FROM S3 AND FROM THE RIVER 
DURING EACH SEASON (6 MONTHS). THE DIFFERENCE 
BETWEEN BOTH IS THE SI RETAINED IN THE CATCHMENT, 
LIKELY BY OPAL-CT PRECIPITATION. 
6.3.4 OPAL-CT PRECIPITATION IN PHREEQC 
The average DSi concentration of the river 
was reached in the model when log k of opal-
CT was equal to -3.6 and 0.09 mmol of opal-
CT precipitated (Table 6.4). In dry periods, 
when Si concentrations were high (model 2 in 
Table 6.5), 0.23 mmol opal-CT precipitated. In 
models 3 and 4 (average and minimum DSi 
concentrations in P3), opal-CT did not 
precipitate (Table 6.5). 
According to the Si concentrations, the 
saturation indices of opal-CT was significantly 
lower in P3 than in P1 and P2 (ANOVA; 
P<0.01) but comparable in the river (P=0.39). 
Saturation indices of opal-CT were 
comparable in P1 and P2 (P= 0.50).  
This was also the case for gypsum and 
anhydrite, the comparison of P3 with P1 and 
with P2 gave P-values <0.01 for both minerals 
with an ANOVA analysis. These values of P3 
were comparable with the river (P=0.15 for 
anhydrite; P=0.14 for gypsum). These 
observations correspond to the changes in S 
concentrations presented before (Table 6.6).  
For goethite and Mg nuclei, P3 did not differ 
significantly from P1 (P=0.15; P=0.42 
respectively for each mineral) nor from P2 
(P=0.93; P=0.60 respectively) in contrast to 
the river (P<0.01). Comparison of the 
saturation indices of those minerals between 
P3 and the river were significantly different 
(P<0.01).  
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TABLE 6.4: DSI CONCENTRATIONS OF THE RIVER, SATURATION INDEX FOR OPAL-CT (SI) AND AMOUNT OF PRECIPITATED OPAL-CT 
CALCULATED IN PHREEQC FOR MODEL 1 WITH DIFFERENT SOLUBILITY PRODUCTS FOR OPAL-CT (LOG K). THE BEST FIT IS THE GREY 
SHADED ROW. 
log k 
DSiriver 
(mmol.l
-1
) 
SI opal-CT Precipitation (mmol) 
 -2.7  0.34  -0.77 0 
 -3.0  0.34  -0.47 0 
 -3.3  0.34  - 0.17 0 
 -3.55  0.28 0 0.05 
 -3.6 0.25 0 0.09 
 -3.65 0.22 0 0.11 
 
TABLE 6.5: DSI CONCENTRATIONS IN THE RIVER (DSIRIVER), SATURATION INDEX FOR OPAL-CT (SI) AND THE AMOUNT OF PRECIPITATED 
OPAL-CT RESULTING FROM THE PHREEQC CALCULATIONS FOR DIFFERENT GROUNDWATER COMPOSITIONS (INPUT). 
  Model number 1 2 3 4 
Input DSiGW (mmol.l
-1
)  0.34 0.49 0.16 0.23 
 
SI Mg Nuclei -8.43 -8.42     -8.75     -8.93 
Output 
DSiRiver (mmol.l
-1
) 0.25 0.25 0.16 0.23 
SI opal-CT 0.00 0.00  -0.20 -0.05     
SI Mg Nuclei -5.77 -5.32     -7.49 -5.43     
pH 8.016 8.221 7.242 8.264 
Precipitation (mmol) 0.09 0.23 0.00 0.00 
 
TABLE 6.6: AVERAGE SATURATION INDICES WITH STANDARD DEVIATION OF MINERALS NEAR SATURATION (-5< X<5) IN THE 
GROUNDWATER (P1, P2, P3; N=10) AND IN THE RIVER DURING THE YEAR 2013 (N=11). 
 
Opal-CT 
Mg Nuclei  
(Mg (OH)2) 
Anhydrite Goethite Gypsum 
P1 0.18±0.04 -8.16±0.43 -1.98±0.06 4.96±1.08 -1.68±0.06 
P2 0.21±0.03 -7.95±0.42 -2.06±0.29 4.14±0.95 -1.76±0.29 
P3 0.01±0.04 -8.17±0.51 -2.47±0.10 4.36±0.56 -2.16±0.28 
River -0.03±0.01 -5.65±0.39 -2.33±0.07 -5.99±0.53 -2.02±0.08 
 
6.4 DISCUSSION 
DSi concentrations observed in the river 
during baseflow conditions were constant 
throughout the year, and hence not affected 
by seasonally changing discharges. The 
decrease of DSi along the flowpath (from 
groundwater toward the river) is probably due 
to Si sink processes, i.e. precipitation or 
adsorption. The abundant presence of 
AlkExSi, more precisely opal-CT, in the 
aquifer (>1 m depth) combined with the 
decrease of DSi along the flowpath suggests 
that the precipitation of opal-CT can control 
the DSi export of this catchment.  
 
This hypothesis is reinforced as a realistic 
value was found for the solubility product of 
opal-CT (log k -3.6) by calibration of the 
PhreeqC model. The calibrated value 
approaches the value of chalcedony (log k -
3.55) in the PhreeqC database, but is not lying 
between the values of opal-A and cristobalite 
in the same database (Kastner et al. 1977). 
These values are all close to each other while 
several sources of uncertainty can influence 
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the accuracy of such mineral database, due to 
e.g. short-term experimental analysis or 
inadequate analysis of starting material and 
products (Oelkers et al. 2009). Our estimation 
is based on the assumption that the average 
DSi concentration (0.25 mmol l
-1
) in the river is 
the equilibrium concentration of opal-CT. To 
estimate uncertainty on this value, further 
investigations, e.g. on other natural settings, 
are needed.  
The Si precipitation seems to be a regional 
phenomenon. Indeed, high AlkExSi contents 
were measured at similar depth in the 
watershed of the stream Noblehaye, located in 
Herve (Barão & Vandevenne, personal 
communication). This watershed is located in 
the same geographical region with 
comparable lithologies, at 3 km from the 
watershed studied in this chapter. In the part 
of the coring with high contents of AlkExSi, 
comparable lithified porous samples were 
found. Like in the watershed of Lhonneux, 
average DSi concentrations measured in the 
stream were low (0.18±0.02 mmol.l
-1
) and pH 
high (7.93±0.58). No groundwater data is 
available but DSi in pore water was 
significantly lower than in the river (Clymans 
2012). Because pore water concentrations are 
more variable than groundwater 
concentrations, and dependent on e.g. soil 
moisture conditions and BSi dissolution, these 
data were not used for PhreeqC calculations. 
However, the AlkExSi profile suggests that 
opal-CT precipitation also takes or took place 
in this catchment. 
In the groundwater (P1, P2), 59 kmol km
-2
yr
-1
 
of Si were released. The Si can originate from 
clay or feldspar dissolution and maybe even 
opal-CT, if conditions locally differ. Si 
precipitated in opal-CT can also originate from 
BSi (Clarke 2003). For a Mediterranean 
grassland profile 65 kmol km
-2
yr
-1 
of AlkExSi 
(biogenic and pedogenic) was released to the 
pore water and 23 kmol km
-2
yr
-1
 of Si was 
released from other soil minerals (White et al. 
2012). Along a bioclimosequence (from 
steppe to tall grass prairies in the USA) 78-
238 kmol of Si km
-2
 yr
-1
 (from dry to wet 
climate) originated from the dissolution of 
phytoliths. From this amount, 14 to 56 kmol 
km
-2
yr
-1
 was not taken up by the vegetation. 
Soil minerals in that study would then release 
13-89 kmol km
-2
yr
-1
 (Blecker et al. 2006). Both 
studies (Blecker et al. 2006; White et al. 2012) 
did not estimate the amounts of Si precipitated 
in secondary minerals. In our study, in 
average 16.18 Si kmol km
-2
 of the 59.24 Si 
kmol km
-2
 released in the groundwater did not 
reach the river, which represented more than 
25% of the mobilized Si in the groundwater. It 
likely precipitated as opal-CT in the 
watershed. Our observations reinforces the 
statement of Basile-Doelsch et al. (2005), Si 
reprecipitation can play an important role in 
the Si cycle. Currently, in this setting it likely 
forms an important DSi sink but if geochemical 
conditions change over time (e.g. pH 
decrease), it can form an important DSi 
source. 
6.4.1 FORMATION OF OPAL-CT 
Opal-CT, found as silcrete or chert nodules, 
can precipitate in different environments. It is 
often observed in carbonates (e.g. Maliva and 
Siever 1989). Opal replaces the carbonates at 
pH < 9, which favour calcite dissolution and 
silica precipitation (Nash and Shaw 1998). In 
the studied catchment, basic pH-values < 9 
were also measured and carbonates found at 
0.9 m depth were not present deeper. The 
dissolution of carbonates would explain the pH 
increase. Weight percentages of carbonates 
(in total 3.4% of dolomite and aragonite) at 
0.9 m depth were comparable to the weight 
percentage of AlkExSi (3 - 4%) found deeper 
in the coring. This can be an indication of 
carbonate replacement by opal, but as no 
morphologic study was done, we cannot 
confirm it.  
The dissolution of dolomite can also provide 
alkalinity and Mg hydroxides which enhance 
the nucleation of opal-CT (Kastner et al. 1977; 
Hesse 1989). The calculations in PhreeqC 
showed that the dolomite dissolution 
increased pH and thus stabilized the Mg-
nuclei (Table 6.3), as saturation index 
increased. The saturation index for Mg nuclei 
calculated in models 1, 2 and 4 approached 
the saturation index of Mg nuclei of baseflow 
(-5.65±0.39 in Table 6.6). As no 
(over)saturation of Mg-nuclei was calculated 
and Mg concentrations did not show a similar 
decrease as DSi along the flowpath, it is not 
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clear if Mg-hydroxides are acting as nuclei for 
opal in this catchment. The Mg availability is 
also dependent of adsorption processes on 
clays, which can retard opal-CT formation 
(Kastner et al. 1977).  
As the whole setting is also dominated by 
siliciclastic sediments, and not by carbonates, 
other models of opal formation need to be 
considered as well. Lenticular silcrete deposits 
formed around river incisions in the 
landscapes were observed in the Paris basin 
in siliclastic sediments. Thiry (1999) 
suggested that acidification processes (by 
oxidation of glauconite, organic matter and 
pyrite) would have released large amounts of 
Si in the groundwater, exceeding saturation 
conditions. One of the hypothesis is that the 
mixing of groundwater and meteoric water at 
discharge of the groundwater into the river 
oxidizes dissolved organic carbon which 
would lead to Si precipitation (Ullyott and 
Nash 2006). With the available data, we do 
not know if the high AlkSiEx are deposited in 
lenticular structures around the river like in the 
Paris Basin (Thiry 1999). The DSi 
concentrations also support the idea that the 
precipitation takes place around the river (P3 
vs P1, P2) but the AlkExSi content in the 
coring show that precipitation also has taken 
place in P1, located further from the river. 
More corings would be needed to evaluate the 
volume of the opal deposit. Unlike the model 
of Thiry (1999), we did not observe any 
acidification process in the catchment. 
Porous opal, like we observed, is described in 
a sepiolite (Mg clay) deposit. These clays and 
their fibrous structure helps opal to nucleate. 
Sepiolite and opal precipitated under the same 
geochemical conditions but the precipitation of 
each mineral is controlled by the Si and Mg 
activities as well as the pH (Bustillo and 
Alonso-Zarza 2006).  
Parallel with the decrease of Si, a decrease in 
sulfur concentrations was observed along the 
flowpath. Silcrete precipitation can take place 
in the same setting as sulfate minerals. In that 
case, opal, kaolinite and alunite precipitates 
when pH decreased in the wet season (Blanco 
et al. 2008). In the catchment of Lhonneux, 
saturation indices for sulfate minerals 
anhydrite and gypsum were near equilibrium 
and significantly dropped in P3 and in the river 
compared to P1 and P2. Though no sulfate or 
sulfide minerals were detected with XRD 
analysis and no pH decrease was observed.  
Bacteria can induce precipitation but also live 
in silica gels in ambient temperatures (max 
20°C; Nassif et al. 2002). Watkins et al. (2011) 
describes opal formed by aerobic bacteria in 
near-neutral pH settings of smectite clay with 
temperatures below 35°C. The decrease in S 
along the flowpath could be due to sulphate 
reducing bacteria. Although, coprecipitation of 
metallic sulfides would then be expected 
(Birnbaum et al. 1989). 
It is not clear what triggers the precipitation 
(changing conditions nearby the river, 
bacterial activity) but is known that Si 
nannocolloids can precipitate at neutral pH, in 
water with low ionic strength (Conrad et al. 
2007). To understand which process initiates 
the opal-CT formation, more chemical analysis 
on the opal samples are needed, e.g. to see if 
Mg nuclei or S precipitates are present. 
6.4.2 SOURCE OF HIGH DSI CONCENTRATIONS 
High Si concentrations were measured in the 
groundwater and needed for the opal-CT 
precipitation. Some opal formation models 
assumed acidification processes (Thiry 1999) 
to release high Si concentrations in solution. 
In our study case pH was always neutral, 
except in the vadose zone where sometimes 
acid conditions were measured. Although, 
Chapter 4 did not show any clear relation 
between Si concentration and pH. 
High DSi concentrations could also be due to 
a long residence time of water (Maher 2010). 
The low conductivities in this silty loam texture 
induced low contact time between water and 
sediments which increased Si concentrations 
along the flowpath, as long as the conditions 
for precipitation were not encountered.  
6.5 CONCLUSION AND PERSPECTIVES 
In this chapter, we suggest with chemical 
models that opal-CT precipitation in shallow 
cool groundwater systems (15°C) can control 
Si export to the river. This study case shows 
that likely 25% of the DSi in the groundwater 
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reprecipitates as opal-CT in the area around 
the river. Like suggested by Basile-Doelsch et 
al. (2005), secondary reprecipitation can form 
an important Si sink (or source if chemical 
conditions changes). 
The formation process of opal-CT is not clear, 
sulfur seems to control the precipitation 
process but how is unclear. A more detailed 
analysis of the opal-CT samples (microscopic 
morphology, chemistry) would give more 
information about the precipitation process. To 
trace the source material of DSi, more 
chemical analysis of the opal and surrounding 
lithologies (e.g. Fe- clay) would be needed. 
The use of Ba would help to analyse if 
feldspar is a potential source of Si (Gaillou et 
al. 2008) while Ge/Si ratios and Si isotopes 
would prove if clays or BSi influence the whole 
process (Basile-Doelsch et al. 2005). 
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7 General conclusions and recommendations for further 
research 
7.1 RESEARCH QUESTIONS 
It is known that land use changes influence 
dissolved Si (DSi) concentrations in rivers 
(Struyf et al. 2010; Carey and Fulweiler 2011) 
and Si pools in soils (Clymans et al. 2011; 
Barao et al. 2014). In this study, the impact of 
land use on the DSi transport from the soil 
(vadose zone) to the river was analyzed. Soil 
and water compositions as well as 
hydrological processes were integrated to 
understand if Si export was predominantly 
controlled by pedological, geological, 
biological or hydrological processes. 
Therefore we first developed a conceptual 
model, assessing which processes influence 
the DSi transport (Chapter 2). Then the impact 
of BSi presence in soils and flux in the vadoze 
zone were studied with a column experiment, 
for forest and cropland soils (Chapter 3). The 
chemical soil water composition and soil 
moisture conditions were studied in situ for 
forest, pasture and cropland soils (Chapter 4). 
Based on our first conclusions, we set up a 
model to simulate the DSi exported from soil 
water to groundwater in a numerical model 
coupling water transport with a geochemical 
code (HP1) for a forest soil and for the same 
soil after deforestation (Chapter 5). Finally, we 
evaluated if secondary precipitation of Si 
affected Si concentrations exported to the 
river (Chapter 6).  
With this approach, we tackled several 
research questions.  
Q1. Which processes influence DSi release 
in soils? Is it possible to set up a conceptual 
model taking into account all processes 
influencing Si export from soils towards 
rivers?” 
The literature review (Chapter 2) revealed the 
complexity of processes involved in the DSi 
export. The resulting conceptual model took 
into account dissolution, plant uptake, 
adsorption and polymerization processes in 
each horizon of a soil profile. The DSi 
resulting from dissolution processes is 
dependent on AlkExSi stocks and soil acidity. 
This hypothesis was confirmed by the column 
experiment (Chapter 3) where soil pH < 4 
drastically increased Si release. Also the 
presence of Al, base cation concentrations, 
organic acids and sulfur influence the 
dissolution processes (Chapter 2). In the field 
measurements no high correlation was found 
between these elements and DSi, except for 
sulfur ( >0.45*** - Chapter 4). This is due to 
the complexity of soil processes as these 
elements, like Si, can be released by soil 
minerals, adsorbed on mineral surfaces or 
taken up and released by plants. 
To include Si reprecipitation in the conceptual 
model, nanocolloid formation was integrated 
(Chapter 2). Field measurement revealed that 
clays (Chapter 4) and opal-CT (Chapter 6) 
could control Si export towards the river. In the 
case of the studied pasture, 25% of DSi in the 
groundwater did not reach the river, which 
was likely due to the formation of opal-CT. 
Precipitation processes are specific to the 
local geochemical conditions (e.g. pH, 
concentrations of Si and Al): clay stability was 
more variable in acid soils where dissolved Al 
concentrations allow Al(OH)3SiO4
-4
 formation, 
while opal-CT precipitated in a neutral 
environment. Clays seem actively involved in 
the Si cycle under forest cover, as they can 
act as sources and sinks of DSi. The opal-CT 
precipitation is probably not land-use related, 
but related to the regional geochemical 
conditions. 
Hydrological processes determine also Si 
export. In the conceptual model soil moisture 
was taken into account in the dissolution 
equation (Eq. 2.11 – Chapter 2). In field data, 
a significant correlation ( =-0.61***) was only 
found where soil moisture varied the most 
throughout the year, in the arable land 
(Chapter 4). Nevertheless drainage conditions 
clearly determined DSi flux in the column 
experiment (Chapter 3) and in the HP1 
simulation (Chapter 5). 
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If all these geochemical processes play a role 
in Si transport, geochemical simulation codes 
do not permit to simulate all these details 
when coupled with transport codes. Therefore 
it is important that the user of such model 
simplifies the conceptual model to the 
essential processes taking place in the 
simulated setting, by dismissing some 
processes or simplifying the soil profile 
representation.  
Q2. Are dissolution processes comparable 
over the whole soil profile, in the different 
horizons?  
As organic acids, BSi and pCO2 are more 
abundant in the top of the soil profiles, we 
hypothesized in Chapter 2 that Si dissolution 
processes were enhanced in the A horizon 
compared to the rest of the profile. The 
leaching experiment (Chapter 3) confirmed 
that the A horizon released the most DSi as it 
contained BSi. The release of DSi decreased 
exponentially over time, proving BSi 
dissolution was a kinetic process. Also the 
lower pH of the A horizon explained the higher 
DSi release compared to the B horizon. Based 
on this information we developed and 
calibrated an equation of kinetic dissolution for 
BSi which was successfully simulated in the 
HP1 (Chapter 5). 
In the B horizon precipitation and adsorption 
processes were expected to be important 
(Chapter 2). This was in agreement of the 
observations of Barao et al. (2014) that found 
large PSi pools in B-horizons. In the column 
experiment, the PSi fraction contained in B 
horizon were not as soluble as BSi, contained 
in the A horizon. Consequently, A horizons do 
release more Si than B horizons. 
Q3. Are dissolution processes comparable 
in different land use types? Is BSi the only 
explanation to higher Si export from forests 
than from other land uses? Are the processes 
controlling Si export similar in all types of land 
uses?  
Like for the difference in Si fluxes from each 
horizon type, the differences in Si fluxes from 
one land use to another are controlled by 
differences in BSi stocks (in the A horizon) 
and in soil acidity (over the whole profile). This 
was hypothesized in Chapter 2 but also 
confirmed in the leaching test (Chapter 3). 
Consequently, we expected significantly 
higher DSi concentrations in soil water under 
forest cover compared to the pasture and 
cropland. Though, the difference in median 
DSi concentrations observed in the field 
measurements was not so important (Chapter 
4).  
In forests, the large BSi pool controls DSi 
concentrations (Chapter 3) throughout the 
whole year (Chapter 4). According to the HP1 
model (Chapter 5), this was enhanced by slow 
water fluxes in the topsoil, induced by 
important evaporation. The Si export under 
forest is rate controlled, especially in the A 
horizon (Chapter 3). The DSi in these acid 
soils could form complexes with Al. Our model 
probably overestimates the amount of Si-Al 
complexes, as dissolved organic carbon easily 
complexes with Al but was not integrated in 
the model. The presence of Si-Al complexes 
would enhance clay neoformation on short 
time scales in the B horizon. This Si sink might 
limit DSi concentrations in soil water (Chapter 
4). The clay stability was independent of the 
flux regime (unlike DSi concentrations) but 
influenced by the chemical composition of the 
influent. The clay formation was enhanced 
when nutrient-rich throughfall flowed through 
the soil (Chapter 5).This recycling generated 
by trees allow keep a easily soluble Si pool in 
the soil, even at high weathering rates (r -
 Chapter 4).  
In anthropogenic disturbed soils, the DSi flux 
changed. More variable DSi concentrations 
were measured throughout the year than 
under forests. According to the simulation in 
HP1, when evaporation dropped after 
deforestation, water fluxes increased, which 
shortened residence time of water while the 
yearly Si flux increases (Chapter 5 – Table 
5.8). Therefore, soil water did not have the 
time to accumulate DSi from BSi dissolution. 
After pasture and agriculture development, no 
clear control of DSi by phytolith dissolution 
was observed but Si concentrations were 
controlled by hydrological conditions, 
especially when soil water content varied a lot 
(0.07 – 0.48 in cropland). DSi in soil water was 
concentrated by evaporation in dry seasons. 
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Residence time of the residual pore water 
became longer and DSi increased (Chapter 
4). When agricultural practices were 
developed and last for a longer time (more 
than 200 years), Si flux was in equilibrium and 
became 2-4 times lower than under forest 
when equal water fluxes were applied (Table 
3.3). It was rather not clear if the smaller BSi 
pool or the higher pH were the controlling 
factor for the equilibrium conditions (Chapter 
3). 
The intensity of agricultural activities affected 
the solubility of the BSi pool in the soil. When 
extensive ley periods were practiced (Swedish 
soil in Chapter 3), the BSi pool replenished 
with fresh BSi, but not to the same extent as 
forests, still reacted kinetically. When intensive 
agriculture was practiced for a long time 
(Belgian soil in Chapter 3), the BSi pool did 
not react kinetically like in the other soils and 
is thus considered to be less reactive (Chapter 
3). 
Q4. How much Si is exported from a soil? 
How much Si dissolves and precipitates in the 
soil?  
In the Belgian soils analyzed in this study, the 
DSi flux (FSi) varied between 90 and 50 kmol 
km
-2
 yr
-1
 (Table 7.1). For the grassland, the 
DSi flux estimation based on the regional 
groundwater recharge (Chapter 4) is near the 
estimations based on the discharge of seep 
S3 (Chapter 6). It proves that DSi export from 
forests is more important than from 
anthropogenically disturbed soils.  
Intensive agriculture exports less Si than the 
pasture, where water flux is the lowest (Figure 
7.1). 
In Chapter 5 (forested soil vs deforested soil), 
simulated FSi were lower than the measured 
flux in chapters 4 (forest, pasture, cropland) 
and 6 (pasture) as the water fluxes were lower 
in the model than in the field. As this model 
was a first simulation attempt, no extensive 
calibration on fluxes was done. Still this model 
allowed to estimate the FSi change after 
deforestation. It proved that hydrologic 
changes due to deforestation result in a more 
intensive export of the large Si pool present in 
the soil than when forest was present. The FSi 
increased with 66% (Figure 7.1). 
The DSi fluxes estimated from soil water 
concentration can differ from the fluxes based 
on river concentrations, as several processes 
can influence Si concentrations along the 
flowpath from the soil to the river (e.g. 
precipitation, dilution). Not all DSi is exported 
towards the river. Si precipitation can hamper 
Si export from the soil towards the river. This 
process seems to occur in the catchment of 
Lhonneux (pasture, Blégny) where more than 
25% of the DSi might reprecipitate as opal-CT. 
Precipitation was too deep in the soil profile to 
be completely induced by the vegetation cycle 
and is thus not dependent on the land use 
(Figure 7.1). 
 
In the forest, clay stability was deduced from 
the soil water composition. Precipitation of 
clay minerals can take place in the B horizon 
and is probably induced by the vegetation 
cycle. As saturation indices for clays were only 
sometimes oversaturated, clay precipitation 
only takes place when Al(OH)3SiO4
-4 
are 
abundant. As dissolved organic carbon easily 
complexes with Al, formation of Al(OH)3SiO4
-4
 
is favored when dissolved organic carbon 
concentrations are low. Those clays (illite, 
smectite and mixed layers) correspond 
probably to the PSi fraction detected in the B 
horizon, which occurred in the same quantity 
as BSi in the A horizon (Chapter 3). This 
precipitation process is much more limited 
than the opal-CT precipitation. Nevertheless 
Clymans et al. (2013) estimated lower DSi 
fluxes from the same forest river (65 kmol km
-2
 
yr
-1
) than the estimated flux based on the soil 
water DSi concentrations (Table 7.1). Here 
dilution by groundwater lowered the 
concentration in the river compared to what 
was measured in the soil water. 
For croplands, river DSi export only occurred 
during rain events and was often higher (37 -
 216 kmol km
-2 
yr
-1
; Clymans, 2012) than Si 
fluxes based on soil water concentrations 
(Table 7.1). In this case, the river water mostly 
originated from run-off export which is not 
comparable with the slow dissolution 
processes controlling DSi in the soil water. 
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TABLE 7.1: DSI FLUX (FSI IN KMOL KM
-2 YR-1) AND WATER FLUX (F IN M YR-1) CALCULATED IN THE DIFFERENT CHAPTERS FOR DIFFERENT 
LAND USES. FOR CHAPTERS 4 AND 6, THE CALCULATIONS WERE BASED ON DIFFERENT TYPES OF WATER SAMPLES. IN CHAPTER 5, 
DIFFERENT MODELS WERE SIMULATED. 
 
Chapter FSi (kmol km
-2 
yr
-1
) F (m yr
-1
) 
Forest (Soil water) 4 90 0.26 
Cropland (Soil water) 4 50 0.14 
Pasture (Soil water) 4 60 0.22 
Pasture (S3) 6 59 0.17 
Pasture (River) 6 43 0.17 
Forest (TF) 5 24 0.11 
Forest (R) 5 24 0.11 
Deforested soil (R-200) 5 40 0.19 
 
 
 
FIGURE 7.1: DSI FLUXES THROUGH THE DIFFERENT BELGIAN LAND USES STUDIED IN THIS THESIS. THE BOLD AND ITALIC PERCENTAGES 
PRESENTED ON THE ARROWS RESPECTIVELY INDICATE THE CHANGE IN DSI FLUX AND WATER FLUX COMPARED TO THE FLUX UNDER 
FOREST COVER. FOR THE EARLY DEFORESTED LAND COVER, THE FLUXES FOR FOREST AND DEFORESTED LAND COVER FROM THE 
MODELS (TABLE 7.1; CHAPTER 5) WERE COMPARED. FOR PASTURE AND CROPLAND, FLUXES CALCULATED FROM THE SOIL WATER 
WERE USED (TABLE 7.1; CHAPTER 4). THE IMPORTANT PRECIPITATION OF OPAL-CT OBSERVED IN THE STUDIED PASTURE IS NOT A 
TYPICAL PHENOMENON FOR PASTURES, IN CONTRAST TO THE CLAY PRECIPITATION OBSERVED UNDER FOREST. 
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7.2 GENERAL CONCLUSIONS AND 
IMPLICATIONS 
The export of DSi is controlled by the BSi 
stock in the soil as well as hydrological and 
geochemical conditions. Even though all those 
conditions are site-specific, forest export more 
Si than anthropogenically disturbed soils as 
forest soils have larger BSi pools and more 
acidic soils. Larger DSi fluxes are released 
after deforestation, as water fluxes increase. 
When intensive agricultural activities are 
established, the pool of BSi does not only 
become smaller but also less soluble. 
Combined with higher pH conditions (>5), less 
organic acids and lower hydraulic 
conductivities (Bormann and Klaassen 2008), 
dissolution rates diminishes and DSi export 
decreases. 
For comparable water fluxes and horizons, the 
DSi flux (FSi) diminished on average 
58 ± 16 % when forest was converted to 
cropland (Chapter 3). If water flux increases 
after deforestation, on the long term, soil 
properties in cropland changes and run-off 
becomes more and more important while 
infiltration diminishes (Bormann and Klaassen 
2008). Based on field data and taking into 
account the differences in water fluxes for 
different land uses (Chapter 4), the conversion 
of forest to cropland in temperate climate 
diminishes FSi by 44 %. If this decrease of 
44 % would be verified in different settings, FSi 
towards the hydrographic systems will 
decrease with 8 % by 2050 for the forecasted 
agricultural expansion (10
9
 hectares or an 
increase of 18 % of agriculture by 2050; 
Tilman et al., 2001). This estimation 
approaches the 9 % increase of forecasted 
BSi fixation by the terrestrial Si pump (Carey 
and Fulweiler 2012). This estimation needs to 
be verified on larger databases, as it can be 
important for global flux models of nutrients 
(Laruelle et al. 2013; Tréguer and De La 
Rocha 2013) For predictive simulations of 
global DSi fluxes from continental to coastal 
waters, this decrease in DSi export due to 
agricultural expansion would especially affect 
coastal waters under strong riverine influence, 
e.g. Amazon region, Congo region, Bengal 
Bay, South East Asia/Oceania. In these 
regions, water flow and biogeochemical 
processes are dominated by riverine 
influences (McKee et al. 2004; Laruelle et al. 
2013)   
It is clear from our leaching tests that 
traditional till practices applied in the Swedish 
cropland affected the BSi pool less than the 
intensive harvest applied in the Belgian study 
cases. Moreover, when >30% of land cover is 
occupied by cropland and grassland, an 
overload in N compared to Si is measured in 
coastal zones, and risk of eutrophication 
increases (Garnier et al. 2010). With the 
expected expansion of agriculture, the 
overload of N compared to Si will only become 
more important. Therefore, the development 
of sustainable agriculture becomes more and 
more important. To counterbalance the 
decrease in Si release, Si managing in 
agricultural activities should be considered; 
e.g. the use of Si fertilizers (straw, wollastonite 
- CaSiO3- resides of blast furnaces) (Guntzer 
et al. 2011).  
7.3 SUGGESTIONS FOR FURTHER 
RESEARCH 
This thesis answered four research questions 
but several research gaps still impede full 
understanding of the continental Si cycle.  
This research also raises some questions 
about the reactivity of the different AlkExSi 
fractions (BSi and PSi). BSi (phytolith) 
solubility has been studied in laboratory 
experiments (Fraysse et al. 2006; Fraysse et 
al. 2009) but it is not clear why, in intensively 
cultivated soils, BSi is less reactive than under 
forest cover or under less intensive 
agriculture. A labile BSi pool has been 
differentiated from the translocated more 
stable BSi pools in forests and grasslands 
(Alexandre et al. 1997; Blecker et al. 2006; 
Saccone et al. 2007). Probably the ley periods 
in less intensive agriculture allow some fresh 
BSi to replenish the labile BSi pool. 
Comparison on the surface properties, 
coatings, chemical properties of phytoliths in 
different land uses should clarify how 
phytoliths become stable. The effect of 
fertilizers on the weathering rates of soils and 
the solubility of BSi would also bring some 
new insights on the Si cycle in croplands. 
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Chapter 3 showed that PSi did not dissolve 
when a near-neutral influent was used for the 
leaching test. Nevertheless, the PSi was 
depleted when forest is converted to 
agriculture in the Swedish soils. In the Belgian 
soil this depletion was not observed. 
Investigating the nature of PSi and its 
solubility in different geochemical conditions 
(pH, DSi, Al and base cation concentrations in 
soil solution) would be of great interest to 
understand formation and dissolution 
conditions of PSi. In Chapter 3, the soil 
columns were leached with fresh rain water 
but in real soil conditions, B horizons are 
leached by soil water (enriched in e.g. Si, 
DOC, Al). Analysing leached soil with soil 
water (with varying chemical composition) 
would also help to constrain PSi formation 
conditions. Combining new leaching tests with 
analyses of Ge/Si and Si isotopes of the 
effluent would give more certainty about the 
source of Si reacting in the different situations. 
More analysis on opal-CT precipitation 
(chemical composition, microscopic 
morphology) in silty loam deposits at ambient 
temperature would enhance the 
understanding on Si reprecipitation processes. 
Delimiting the volumes of opal-CT with a 
coring campain in the studied catchment, but 
also in other similar setting (e.g. Herve) would 
allow to verify the importance of the process. 
Microbial activity seems to interact with the Si 
cycle as it can accelerate silicate weathering 
in reducing groundwater for nutrient 
requirements (Bennett et al. 2001). It is 
unclear if the weathering potential of bacteria 
is different in various soil compartments, e.g. 
myccorrhizosphere, rhizosphere, bulk soil 
(Uroz et al. 2009). Bacteria can also transform 
smectite to illite in anaerobic conditions (Kim 
et al. 2004) or precipitate minerals, e.g. opal in 
aerobic nutrient rich soils with near neutral pH 
conditions and temperatures lower than 35°C 
(Watkins et al. 2011). Land use changes affect 
microbial abundance and communities 
(Macdonald et al. 2009) Some land-use 
specific processes have been observed. 
Bacteria in forest humus can enhance BSi 
dissolution during humification processes, 
(Watteau and Villemin 2001; Fraysse et al. 
2010). In croplands, the microbial biomass 
varies according to the soil treatment used, 
e.g. N-fertilizer, manure, straw incorporation 
(Schnürer et al. 1985). Silica fertilization 
(application of silicic acid, nano silica, micro 
silica or silicates) of soils seems to promote 
the growth of silicate solubilizing, nitrate and 
phosphate fixing microbial populations in soils 
(Suriyaprabha et al. 2013). Further research 
on the impact of microbial (bacteries, funghi) 
activity on the biogeochemical Si cycle in soils 
may clarify correlations between DSi and DOC 
as well as DSi and S found in Chapter 4. 
As continental silicate weathering is CO2 
consuming process (Berner 1992; Chadwick 
et al. 1994), it is important to identify main 
controlling factors in different environments. 
As plants enhance weathering (Moulton et al. 
2000) ,e.g. by the biocycling of different 
cations (Kelly et al. 1998), weathering studies 
not only focus on the release of Si but also on 
the release of other elements, e.g. nutrients. 
Enlarge the database of weathering rates 
along land use gradients would allow to 
assess the effects of anthropogenic 
disturbance on soils. Therefore the further 
development of transient numerical models, 
coupling water transport with reactive models 
and plant uptake models, like presented in 
Chapter 5, in Goddéris et al. (2006) and 
Violette et al. (2010), is needed. The influence 
of water flux on the transport of DSi is 
expected to be comparable for other elements 
(Maher 2010) while impact of plant 
uptake/fertilization is nutrient- specific (e.g. N, 
P, K). Other specific processes should also be 
integrated in the model (adsorption processes, 
pH-dependency,…), according to the specific 
goal of the simulation or the local setting. 
Small-scale models will give more accurate 
data for global models (Garnier et al. 2010; 
Laruelle et al. 2013).The elaboration of such 
models would be of great interest for different 
goals. As an illustration, simulating Si, N and 
P transport would allow more accurate 
estimations of indicators for eutrophication 
risks (Si:P and Si:N ratios) in natural waters 
(Garnier et al. 2010). It can also improve 
estimations on CO2 consumption by 
weathering (Lerman et al. 2007) but also the 
understanding of biogeochemical cycles of 
nutrients and their export towards the riverine 
system (Laruelle et al. 2013).  
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Appendices 
Appendix A 
Median, minimum and maximum concentrations of Si, base cations (K,Ca, Na, Mg), Al, Fe, S 
and DOC in soil water of each land use (Chapter 4). 
 
Si K Ca Na Mg 
units mmol.l
-1
 mmol.l
-1
 mmol.l
-1
 mmol.l
-1
 mmol.l
-1
 
Forest 
0.334 
(0.085-0.646) 
n=97 
0.014  
(1.00 10
-4
- 15.5) 
n=69 
0.119  
(0.021-435) 
n=69 
0.357  
(0.061-1482) 
n=69 
0.102  
(0.006-353) 
n=69 
Pasture 
0.263 
(0.123-0.814) 
n=229 
0.024  
(3.38 10
-5
-0.453) 
n=218 
0.838 
(2.13 10
-4
-3.53) 
n=218 
0.229  
(4.33 10
-5
-1.08) 
n=218 
0.086  
(1.80 10
-5
-0.653) 
n=218 
Cropland 
0.294  
(0.091-0.878) 
n=101 
0.073  
(0.004-0.388) 
n=76 
3.38  
(0.043-8.59) 
n=76 
0.086  
(0.070-5.30) 
n=76 
0.393  
(0.052-4.11) 
n=76 
  
 
 
Al Fe S DOC 
units mmol.l
-1
 mmol.l
-1
 mmol.l
-1
 mg. l
-1
 
Forest 
0.050  
(0.9.32 10
-5
-546.5) 
n=65 
0.005  
(2.09 10
-5
-10.396) 
n=69 
0.472  
(0.041-1427.172) 
n=69 
46.92  
(3.39-126.5) 
n=60 
Pasture 
0.004  
(2.24 10
-7
-0.036) 
n=187 
0.002  
(3.33 10
-8
-0.134) 
n=209 
0.401  
(1.81 10
-4
-1.73) 
n=218 
23.95  
(7.28-97.48) 
n=175 
Cropland 
7.66 10
-4
  
(51.05 10
-4
 - 0.033) 
n=49 
3.97 10
-4
  
(2.31 10
-6
-0.012) 
n=65 
0.822  
(0.067-2.71) 
n=76 
19.34  
(5.65-91.98) 
n=73 
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Appendix B 
Example of PhreeqC code used in HP1 model (model 3a in Chapter 5) 
 
SOLUTION_MASTER_SPECIES 
N(3)  NH3 0.0     N 
S(6) SO4-2 0.0 S 
SOLUTION_SPECIES 
SO4-2 + 2H+ = H2SO4  
log_k 0 
0.5N2 + 1.5H2 = NH3 
log_k 13.32 
Al+3 + H2O = AlOH+2 + H+ 
log_k 5.00 
delta_h -47.39 
Al+3 + 2H2O = Al(OH)2+ + 2H+ 
log_k 10.34 
delta_h -101.63 
Al+3 + 3H2O = Al(OH)3 + 3H+ 
log_k 15.60 
delta_h -162.76 
Al+3 + 4H2O = Al(OH)4- + 4H+ 
log_k 22.20 
delta_h -173.34 
2Al+3 + 2H2O = Al2(OH)2+4 + 2H+ 
log_k 7.69 
delta_h -74.20 
3Al+3 + 4H2O = Al3(OH)4+5 + 4H+  
log_k 13.88 
delta_h -132.19 
13Al+3 + 32H2O = Al13(OH)32+7 + 32H+  
log_k 98.65 
delta_h -1147.91 
Al+3 + H4SiO4= AlH3SiO4+2 + H+  
log_k 1.70 
delta_h -58.61 
Al+3 + H4SiO4+ 3H2O = Al(OH)3SiO4-4 + 7H+  
log_k 18.43 
delta_h -157.75 
Al+3 + H2SO4 = AlSO4+ + 2H+  
log_k -4.17 
delta_h 76.69 
Al+3 + 2H2SO4 = Al(SO4)2- + 4H+  
log_k -5.90 
delta_h 89.79 
2Al+3 + 3H2SO4 = Al2(SO4)3 + 6H+  
log_k 1.88 
Al+3 + F- = AlF+2 
log_k -7 
delta_h -4.44 
Al+3 + 2F- = AlF2+ 
log_k -12.7 
delta_h -8.28 
Al+3 + 3F- = AlF3 
log_k -16.8 
delta_h -9.04 
Al+3 + 4F- = AlF4- 
log_k -19.4 
delta_h -9.20 
Al+3 + 5F- = AlF5-2 
log_k -20.6 
delta_h -7.70 
Al+3 + 6F- = AlF6-3 
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log_k -20.6 
delta_h -13 
4Mg+2 + 4OH- = Mg4(OH)4+4 
log_k 16.3 
4H4SiO4 = H8Si4O12 + 4H2O 
log_k -8.86  
 
PHASES 
BSi 
    SiO2 + 2H2O = H4SiO4 
    log_k     -2.5 #Fraysse et al 2009 
 
Alorg 
AlCH2O(NH3)0.1+3 +H2O = CH4 + 0.1 NH3 + O2 + Al+3  
log_k     -8.38 
AlHorg 
Al(H)CH2O(NH3)0.1+4 +H2O = CH4 + 0.1 NH3 + O2 + Al+3 + H+ 
log_k     -13.10 
 
Alorg 
AlCH2O(NH3)0.1+3 +H2O = CH4 + 0.1 NH3 + O2 + Al+3  
log_k     -8.38 
 
AlHorg 
Al(H)CH2O(NH3)0.1+4 +H2O = CH4 + 0.1 NH3 + O2 + Al+3 + H+ 
log_k     -13.10 
 
Kaolinite 
 Al2Si2O5(OH)4 + 6 H+ = H2O + 2 H4SiO4 + 2 Al+3 
 log_k 5.708 
 delta_h -35.306 kcal 
Illite 
 K0.6Mg0.25Al2.3Si3.5O10(OH)2 + 11.2H2O = 0.6K+ + 0.25Mg+2 + 2.3Al(OH)4- + 
3.5H4SiO4 + 1.2H+ 
 -log_k -40.267 
 -delta_h 54.684 kcal 
Chlorite(14A) 
    Mg5Al2Si3O10(OH)8 + 16H+ = 2Al+3 + 6H2O + 3H4SiO4 + 5Mg+2 
    log_k     68.38 
    delta_h   -151.494 kcal 
 
RATES 
 BSi # in Fraysse et al 2009 in mol/cm²/s dus hier *10000 voor elke term om in 
mol/m²/s om te zetten  
  -start  
 10  moles =(0.9e-3+(ACT("H+")))*(1 - SR("BSi"))*(TIME*3600*24)^-0.61 
#*ACT("H+")formule is per sec nu omgezet naar dag 
 
81 rem decrease rate on precipitation 
    90    if SR("BSi") > 1 then moles = moles * 0.1 
    100   save moles 
  -end  
 
solution 1001 # SM_15/7/2012_3 mobile phase Topsoil 
units mmol/kgw  
temp 10 
pH 4.32 
pe 4 
units mol/l 
Si 0.2E-3 
Al  6.1E-05 
Ca  6.6E-05 
Na  1.7e-04 
Mg  5.0E-05 
K  1.4E-05 
S(6)  2.4E-04 as SO4-2 
-water    1 # kg 
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solution 2001 #PM_15/7/2012_2 ipv PM_15/7/2012_1 GW  
temp 11.3 
pH 6.05 
pe 4 
units mol/l 
Si 0.2E-03 
Al  3.4E-05 
Ca  8.6E-05 
Na  7.1E-04 
Mg  2.6E-04 
K  1E-5 
S(6)  7.4E-04 as SO4-2 
-water    1 # kg 
 
solution 3001 boundary condition #Rainwater Peeters 
temp 12 
pH 5.49  
redox pe 
units mmol/kgw 
density 1 
Ca 0.018 
Mg 0.005 
Na 0.118 
K 0.0057 
Cl 0.014903 
S(6) 0.0315 as SO4-2 
Alkalinity 0.034733 as HCO3- 
N(5) 0.054070 as NO3- 
O(0) 1 O2(g) -0.67 
 Si       0.008 
-water 1 # kg 
    
KINETICS 1-10 @Layer 1@ 
BSi  
-formula SiO2 1.0 
 
 
EQUILIBRIUM 1-2 
illite 0 
ca-montmorillonite 0 
 
EQUILIBRIUM 3-30 
CO2(g) -1  
 
EQUILIBRIUM 31-100 
CO2(g) -1.5 
Calcite 0 10 
 
SELECTED_OUTPUT 
    -file                 SM3_4_Sitransp3.sel 
    -selected_out         true 
    -reset                false 
    -solution             true 
-time 2000 3000 
    -ph                   true 
    -totals               Si  Al  K  Fe  S  Ca  Na 
    -saturation_indices   BSi Illite Ca-montmorillonite K-feldspar  
    -kinetic_reactants    BSi # Ca-montmorillonite  Illite K-feldspar 
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Appendix C 
 
Opal-CT precipitation - Calculation in PhreeqC (Chapter 6) 
SOLUTION #P1 14/6/2012 
   temp      16 
    pH        6.7 
    pe        4 
    redox     pe #O(-2)/O(0) 
    units     mmol/l 
    density   1 
    Al        0.002 
    Ca        2.18 
    Na        0.35 
    Fe        0.06 
    K         0.11 
    Mg        6e-2  
    S         0.34  
    Si        0.34 
   -water     1 # kg 
 
PHASES 
Opal_CT 
    SiO2 + 2H2O = H4SiO4 
    log_k     -3.6 #-2.7 
MgNuclei 
    Mg(OH)2 = Mg+2 + 2OH- 
    log_k     -11.15 
 
REACTION 
    Dolomite  0.000003  
     
EQUILIBRIUM 
Opal_CT  0 0   
 
end 
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Appendix D 
 
 Picture of the lithified sample with Opal-CT (Chapter 6) 
 
 
Appendix E 
 
XRD pattern of the lithified porous sample found at 1.5 m with the reference pattern for 
opal-ct (in red – Below) (Chapter 6). 
 
 
 
 
 
0 1cm 0.5 
hk-band of clays 
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